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ABSTRACT 
Th i s  is t h e  f o u r t h  s c i e n t i f i c  r e p o r t  of a s t u d y  ded ica t ed  t o  t h e  
development of t echn iques  for  t h e  r e a l i z a t i o n  of u l t r a r e l i a b l e ,  h igh-  
performance, spaceborne computers .  The t echn iques  developed a r e  i n  
suppor t  of computer s t r u c t u r e s  i n  which r e l i a b i l i t y  is achieved through 
autonomously c o n t r o l l e d  l o g i c a l  r e c o n f i g u r a t i o n  and f a u l t  masking. The 
r e p o r t  p r e s e n t s  t echn iques  f o r  t h e  accommodation of f a u l t s  i n  d a t a  
commutation networks based upon c rossba r - type  swi t ch ing  a r r a y s .  Schemes 
a r e  developed f o r  accommodating swi t ch ing  f a i l u r e s  and f o r  embedding 
l o g i c  f o r  t h e  c o n t r o l  of a l t e r n a t i v e  swi t ch ing  s e t u p s  w i t h i n  t h e  n e t -  
work. S e v e r a l  schemes a r e  developed t h a t  a r e  a p p r o p r i a t e  f o r  random 
and f o r  c o r r e l a t e d  f a u l t  t y p e s .  The second t o p i c  i s  a c o n s i d e r a t i o n  of 
c r i t e r i a  for t h e  s e l e c t i o n  of an i n s t r u c t i o n  set  for a spaceborne com- 
p u t e r .  S e v e r a l  merits  a r e  found for t h e  use  of s tack-organized  i n s t r u c -  
t i o n s ,  t o g e t h e r  w i t h  s p e c i a l  r e g i s t e r s  for s p e c i f y i n g  t h e  c o n t e x t  of a 
p r o c e s s .  P o s s i b l e  advantages of i n d i r e c t  a d d r e s s i n g  a r e  a l s o  d i s c u s s e d .  
iii 

FOREWORD 
T h i s  is  an i n t e r i m  r e p o r t ,  summarizing t h e  major  r e s u l t s  of work 
accomplished d u r i n g  t h e  f irst  s i x  months o f  t h e  t h i r d  phase of a t h r e e -  
yea r  program, t h e  g o a l  of which i s  t h e  development of t echn iques  f o r  t h e  
r e a l i z a t i o n  of u l t r a r e l i a b l e  space  computers ,  T h i s  s t u d y  h a s  been con- 
duc ted  i n  t h e  Computer Techniques Labora tory  of  S tan fo rd  Research 
I n s t i t u t e ,  under  t h e  sponsor sh ip  of t h e  E lec t ron ic s  Research Cen te r  of 
t h e  Na t iona l  Aeronau t i c s  and Space A d m i n i s t r a t i o n .  
The g o a l s  of t h e  f i r s t  phase w e r e  t o  survey  t h e  s t a t e  of t h e  a r t  
of d e s i g n  f o r  ach iev ing  u l t r a r e l i a b l e  spaceborne computers,  and t o  form 
a b a s i s  f o r  r e s e a r c h  t h a t  would advance t h a t  a r t .  The f i n a l  r e p o r t ,  
which r e s u l t e d  from t h e  f i r s t  phase of t h e  program, was concerned w i t h  
t h e  fo l lowing :  
The b a s i c  c h a r a c t e r i s t i c s  of an  advanced spaceborne 
computer 
A d e s c r i p t i o n  of faul t -masking t echn iques  f o r  
g e n e r a l  l o g i c  f u n c t i o n s  
A survey  of codes  f o r  s t o r a g e  and a r i t h m e t i c  
o p e r a t i o n s  
Problems of system o r g a n i z a t i o n  f o r  dynamic e r r o r  
c o n t r o l  
T e s t s  f o r  d i a g n o s i s  of f a u l t  c o n d i t i o n s  
Some i n i t i a l  d e s c r i p t i o n s  of network d e s i g n s  f o r  
a reconf  i g u r a b l e  computer, i n c l u d i n g  commutation 
or i n t e r c o n n e c t i o n  networks,  programmable pro- 
c e s s i n g  modules, and programmable c o n t r o l  u n i t s  
E r r o r - c o n t r o l  t echn iques  f o r  memory systems 
D i s t r i b u t e d  power supply  systems 
V 
0 The a p p l i c a t i o n  of magnet ic  l o g i c  
0 A survey  of t h e  publ i shed  l i t e r a t u r e  on t h e  a t t a i n -  
ment of r e l i a b l e  sys tems through t h e  use  of  
redundancy. 
The g o a l  of t h e  second phase was t o  deve lop  d e t a i l e d  t echn iques  
f o r  t h e  l o g i c a l  d e s i g n  of an advanced, u l t r a r e l i a b l e  spaceborne com- 
p u t e r .  The t echn iques  t o  be developed were t o  demonst ra te  t h e  f e a s i -  
b i l i t y  of ach iev ing  r e l i a b i l i t y  through autonomously c o n t r o l l e d  l o g i c a l  
r e c o n f i g u r a t i o n  and f a u l t  mashing. An i n v e s t i g a t i o n  was t o  be conducted 
of t echn iques  f o r  e f f e c t i n g  t h e  r e c o n f i g u r a t i o n  a t  v a r i o u s  l o g i c a l  
l e v e l s  i n  t h e  system. 
These t echn iques  have been developed i n  f i v e  s t e p s .  The f i r s t  s t e p  
was t h e  development of a system o r g a n i z a t i o n  t h a t  f a c i l i t a t e s  dynamic 
maintenance p r o c e s s e s .  I n  t h e  second s t e p ,  on t h e  b a s i s  of t h e  s e l e c t e d  
system o r g a n i z a t i o n ,  a d e t a i l e d  l o g i c a l  d e s i g n  was performed of networks 
t h a t  a r e  uniquely  a p p r o p r i a t e  f o r  a r e c o n f i g u r a b l e  computer.  Thi rd ,  
d i a g n o s t i c  procedures ,  r e l i a b i l i t y  enhancement techniques ,  and r e l i a -  
b i l i t y  a n a l y s i s  measures were developed f o r  t h e s e  networks,  where t h e  
requi rements  e x i s t .  A f o u r t h  s t e p  i n  t h e  approach involved t h e  i n v e s t i -  
g a t i o n  of so f tware  t echn iques  t o  a i d  i n  t h e  d i a g n o s i s ,  d e t e c t i o n ,  and 
recovery  from f a i l u r e s .  A l s o  concern ing  so f tware ,  some t echn iques  w e r e  
developed f o r  d e s i g n i n g  r e l i a b l e  programs. A f i n a l  s t e p ,  y e t  t o  be 
completed,  is t h e  development of  r e l i a b i l i t y  a n a l y s i s  t echn iques  f o r  
t h e  o v e r a l l  sys tem.  
The i n t e r i m  r e p o r t  t h a t  r e s u l t e d  from t h e  f i r s t  s i x  months of 
e f f o r t  on t h e  second phase was concerned w i t h  t h e  fo l lowing :  
0 The s k e t c h  of  a mul t ip rocesso r  system o r g a n i z a t i o n ,  
and a d e s c r i p t i o n  of  o p e r a t i n g  p o l i c i e s  t h a t  embodied 
s e l f  -checking and s e l f  - r e p a i r  
d) The development of l o g i c a l  des ign  t echn iques  f o r  
networks i d e n t i f i e d  w i t h  t h e  memory, c o n t r o l ,  and 
microprogram c o n t r o l  f u n c t i o n s  
v i  
@ The development of d e s i g n  p r i n c i p l e s  f o r  commutation 
networks,  which perform the  impor tan t  f u n c t i o n  of 
d a t a  swi t ch ing  i n  a m u l t i p r o c e s s o r  
@ A formal  d e s c r i p t i o n  of program-design t echn iques  
t h a t  f a c i l i t a t e  the  composi t ion of  mis t ake - f r ee  
programs. 
An important  conc lus ion  of the r e s e a r c h  completed a t  t h i s  s t a g e  was 
t h a t  a by te - s l i ced  s t r u c t u r e  was p a r t i c u l a r l y  a t t r a c t i v e  f o r  the  imple- 
menta t ion  a t  a low system l e v e l ,  because o f  t he  h igh  degree  o f  system 
r e c o n f i g u r a b i l i t y  provided f o r  a g iven  number of  r e c o n f i g u r a t i o n  switches.  
The i n t e r i m  r e p o r t  on t h e  work of the  second s i x  months of the  
second phase was concerned w i t h  the  fo l lowing:  
@ Review of the  g o a l s ,  methods, and assumptions of the  
s tudy  
Techniques fo r  the  d e s i g n  of a r e c o n f i g u r a b l e  micro- 
programmed p rocess ing  u n i t  
@ Techniques f o r  c o n t r o l l i n g  f a i l u r e s  w i t h i n  random- 
a c c e s s  memory systems, w i t h  p r imary  emphasis on the  
word-access f u n c t i o n  
* F u r t h e r  r e s u l t s  on commutation networks 
@ Discuss ion  of so f tware  problems of u l t r a r e l i a b i l i t y  
* Techniques f o r  t h e  d i a g n o s i s  of i t e r a t i v e  d i g i t a l  
networks.  
The p r e s e n t  r e p o r t  is concerned w i t h  two s u b j e c t s :  (1) F a u l t  
accommodation schemes f o r  c r o s s b a r  d a t a  commutation networks,  and (2)  
C r i t e r i a  for  the  s e l e c t i o n  of an  i n s t r u c t i o n  se t  f o r  a spaceborne com- 
p u t e r .  During the  c u r r e n t  pe r iod  w e  have a l s o  i n v e s t i g a t e d  the  problem 
of the  d e s i g n  of e x e c u t i v e  systems for  a se l f -d i agnos ing ,  self- 
r e c o n f i g u r a b l e  computer .  The approach taken  h a s  been t o  employ the 
formalism of f i n i t e - s t a t e  s e q u e n t i a l  machines for t h e  d e s c r i p t i o n  of 
v i i  
e x e c u t i v e  c o n t r o l  programs. T h i s  work is c u r r e n t l y  i n  p rogres s ,  and t h e  
r e s u l t s  a r e  too premature for i n c l u s i o n  i n  t h e  p r e s e n t  r e p o r t .  
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I FAULT ACCOMMODATION SCHEMES FOR 
CROSSBAR DATA COMMUTATION NETWORKS* 
A .  I n t r o d u c t i o n  
P rev ious  r e p o r t s  of t h i s  study1 ' have g iven  e x t e n s i v e  t r e a t m e n t s  of 
I n  g e n e r a l ,  d a t a  commutation networks based upon t h e  2-permuter module. 
t h e  networks have been q u i t e  economical i n  numbers of swi t ch  and cont ro l  
c i r c u i t s .  Two d i sadvan tages ,  compared t o  t h e  well-known c r o s s b a r  n e t -  
work scheme, a r e  t h e  h i g h  number of l e v e l s  of l o g i c  t r a v e r s e d  by a 
switched s i g n a l ,  and t h e  complexi ty  of  s e t u p  logic.  In  t h i s  c h a p t e r ,  
s e v e r a l  schemes f o r  accommodating f a u l t s  i n  c r o s s b a r  swi t ches  a r e  de-  
ve loped .  A major c o n s i d e r a t i o n  i n  t h i s  s t u d y  is  t h e  number of l e v e l s  
of logic ,  Economical l o g i c a l  d e s i g n  t echn iques  f o r  e f f e c t i n g  a l t e r n a -  
t i v e  s e t u p s  i n  redundant  networks a r e  a l s o  i l l u s t r a t e d .  
B .  Two-Level Fau l t -Cor rec t ing  Networks 
1. The Problem 
The s u b j e c t  of t h i s  sect ion is t h e  d e s i g n  of  c r o s s b a r  swi t ch ing  
networks i n  which s i n g l e  f a u l t s  may be  c o r r e c t e d ,  and which a r e  l i m i t e d  
t o  having no more than  two l e v e l s  of s w i t c h i n g .  The b a s i c  approach taken  
is  t o  p rov ide  redundant  swi t ches  and d a t a  pa ths ,  t o g e t h e r  w i t h  new modes 
of cont ro l ,  so  t h a t  s e v e r a l  a l t e r n a t e  p a t h s  through t h e  network may be 
set, depending upon t h e  l o c a t i o n  and n a t u r e  of t h e  f a u l t .  
a r e  assumed t o  be a s i n g l e  s w i t c h  permanent ly  c losed  ( s tuck )  or perma- 
The f a u l t s  
n e n t l y  open.  
W e  w i l l  f i r s t  c o n s i d e r  t h e  c a s e  of n- input ,  n-output  networks,  
and then  ex tend  t h e  s o l u t i o n  found t o  n- input ,  r -ou tput  networks.  
* 
By A .  Waksman and J. Goldberg.  
'References a r e  l i s t e d  a t  t h e  end of t h e  r e p o r t .  
1 
2 .  Networks w i t h  Equal  Numbers of I n p u t s  and Outputs  
A s i n g l e - l e v e l  network can  be excluded immediately from con- 
s i d e r a t i o n  s i n c e  it i s  imposs ib l e  t o  i n c o r p o r a t e  i n  i t  t h e  c a p a b i l i t y  
of c o r r e c t i n g  b o t h  t y p e s  of f a u l t .  T h i s  i s  t r u e  s i n c e  any i n d i v i d u a l  
swi t ch  i n  such  a network when becoming s t u c k  a t  t h e  c losed  s t a t e  perma- 
n e n t l y  connec t s  a p a i r  of input -output  t e r m i n a l s .  
The nex t  s t e p  is t o  c o n s i d e r  a two-level  network.  H e r e  an 
upper  bound t o  t h e  s i z e  of a two-level  network w i t h  s i n g l e - f a u l t -  
c o r r e c t i n g  c a p a b i l i t i e s  can  be immediately e s t a b l i s h e d  by c o n s i d e r i n g  
t w o  c r o s s b a r  swi t ch ing  networks connected i n  series, a s  d e p i c t e d  i n  
F i g .  1. For  n t h e  number of i n p u t s ,  t h e  s i z e  of such  a network i s  2n . 2 
I N  
I 
2 
3 
4 
5 
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FIG. 1 SIMPLE TWO-LEVEL REDUNDANCY SCHEME 
FOR n x n NETWORKS 
W e  c o r r e c t  an open-switch f a u l t  between a t e rmina l  and a bus 
by always a s s i g n i n g  a d i f f e r e n t  bus t o  t h i s  t e r m i n a l  for any g iven  
input -output  ass ignment .  W e  c o r r e c t  a c losed-swi tch  f a u l t  between a 
t e r m i n a l  and a bus by always a s s i g n i n g  t h i s  bus t o  the  t e r m i n a l  f o r  any 
g iven  input -output  ass ignment .  
To d e s i g n  a more e f f i c i e n t  two-level  network, w e  r e a l i z e  t h a t  
none of the c r o s s b a r  switches can  be e l i m i n a t e d  a s  l ong  a s  the  number 
of c r o s s b a r s  i s  e q u a l  t o  the  number of t e r m i n a l s .  T h i s  is t r u e  s i n c e  
by o m i t t i n g  a s i n g l e  switch,  the  a s s o c i a t e d  t e r m i n a l  w i l l  be i n a c c e s s i b l e  
under  s o m e  f a u l t  c o n d i t i o n s .  A s  an example c o n s i d e r  F i g .  1 where on the  
inpu t  s i d e ,  s w i t c h  ( 1 , A )  is o m i t t e d ;  t h e n  whenever on t h e  o u t p u t  s i d e ,  
s w i t c h  ( l , A ) ,  (2,A), ( 3 , A ) ,  or (4,A) becomes f a u l t y  a t  t h e  c l o s e d  pos i -  
t i o n ,  i . e . ,  permanent ly  c l o s e d ,  input -output  ass ignments  i n c l u d i n g  1 + 1, 
1 -t 2 ,  1 --t 3, or 1 -t 4 cannot  be comple ted .  
The fo l lowing  approach is  proposed : 
C o n s t r u c t  a ca scade  network of two 
r e c t a n g u l a r  c r o s s b a r  switches such t h a t  
each  of them c o n s i s t s  of n buses  crossed 
by (n  + k) buses  and the  (n + k) buses  
a r e  common f o r  both switches.  For d e s i g n  
v a r i a b l e s  m and k :  
1 one switch performs n! (" - ') - ; permuta t ions  , 
t h e  o t h e r  swi tch  performs (v) m permuta t ions  
I t  is no t  obvious  what should be the optimum v a l u e s  of k and m 
f o r  such  a network t o  c o n t a i n  a minimum number of switches, and it is 
n o t  obvious  how these switches should  be  d i s t r i b u t e d .  
One p o s s i b l e  d e s i g n  fo r  an n- input  network, which g i v e s  a 
H e r e  w e  a s s i g n  t o t a l  of (n2 + 3n) switches,  i s  g iven  by k = m = 1. 
n . ( n  + 1) switches t o  one l e v e l  and 2n switches t o  the other .  F i g u r e  
2 i m p l i e s  t he  g e n e r a l  scheme by d i s p l a y i n g  a network of 5 inpu t s ,  5 
ou tpu t s ,  and 6 middle-buses .  
Any middle-bus a s s o c i a t e d  w i t h  a f a u l t y  swi tch  i n  t h i s  network 
is  made redundant ;  i . e . ,  a l l  other switches a s s o c i a t e d  w i t h  i t  a r e  l e f t  
3 
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FIG. 2 ECONOMICAL TWO-LEVEL SCHEME FOR 
n x n NETWORKS 
i l l  t h e  open p o s i t i o n .  W e  a r e  l e f t  t hen  w i t h  an n x n c r o s s b a r  swi t ch  
capab le  of any of  t h e  n l  ass ignments  and ano the r  c r o s s b a r  swi t ch  capab le  
of connec t ing  any n of t h e  (n  + I) middle-buses t o  t h e  n o u t p u t s .  
3 .  Networks w i t h  Unequal Numbers of I n p u t s  and Outputs  
The r e s u l t s  f o r  n X n networks may be extended e a s i l y  t o  n X r 
networks.  Thus, t h e  u s e  of  a cascade  of t w o  i d e n t i c a l  c r o s s b a r s  r e q u i r e s  
2 n r  c o n t a c t s .  The cor responding  d e s i g n  f o r  t h e  eascade  of n o n i d e n t i c a l  
c r o s s b a r s  c o n s i s t s  of an ( r  + k)  x n complete  c r o s s b a r  [g iv ing  ( 
permuta t ions]  i n  cascade  w i t h  a ( r  + k) x n c r o s s b a r  [g iv ing  ( 
permuta t ions] ,  having  t w o  c o n t a c t s  p e r  input ,  f o r  t h e  n i n p u t s .  T h i s  
c a s e  i s  i l l u s t r a t e d  i n  F i g .  3, fo r  n = 4, r = 7, k = 1. 
r + k  
)n  I 
+ k ,  
The cost  of t h e  network is  (n + k ) r  + 2n swi tches ,  t h a t  is, a 
c o s t  of kr + 2n ove r  t h e  cost of t h e  unpro tec t ed  c r o s s b a r .  For  t h e  c a s e  
cons ide red ,  t h e  cost  i s  43 swi t ches ,  w h i l e  t h e  cost of t h e  s imple,  
d u p l i c a t e  c r o s s b a r  d e s i g n  is  56 s w i t c h e s .  
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FIG. 3 ECONOMICAL TWO-LEVEL SCHEME FOR 
n x r NETWORKS 
4 .  D i scuss ion  
The proposed s o l u t i o n  o f f e r s  s u b s t a n t i a l  s a v i n g s  i n  c o n t a c t s  
compared t o  the "obvious" d u p l i c a t e  c r o s s b a r  s o l u t i o n .  I t  would be o f  
i n t e r e s t  t o  de t e rmine  how c l o s e  t h i s  s o l u t i o n  is t o  the minimum. Another 
impor tan t  problem is t h e  e x t e n s i o n  of t h e  d e s i g n  t o  the  c o r r e c t i o n  of 
more than  one f a u l t .  
C . Genera l  Level-Limited Fau l t -To le ran t  Networks 
1. I n t r o d u c t i o n  
The fo l lowing  is a d e s i g n  procedure f o r  a s i n g l e - f a u l t -  
t o l e r a n t  swi t ch ing  network w i t h  e q u a l  numbers of i n p u t s  and ou tpu t s ,  
where the  number of l e v e l s  of the network e n t e r s  a s  a d e s i g n  parameter .  
By a f a u l t - t o l e r a n t  network w e  mean here a network comprised of on-off 
c o n t a c t s  c a p a b l e  of a s s i g n i n g  its n inpu t  t e r m i n a l s  t o  its n o u t p u t  
t e r m i n a l s  i n  n! ways, and a l s o  an a lgo r i thm e x i s t s  fo r  making any such  
5 
assignment  when a s i n g l e  c o n t a c t  i s  f a u l t y ,  i . e .  , s tuck-a t -c losed  
s tuck-at-open p o s i t i o n .  
D e f i n i t i o n  1: 
The number of l e v e l s  of a network i s  t h e  l a r g e s t  number 
c o n t a c t s  a s i g n a l  h a s  t o  t r a v e r s e  i n  any input -output  ass ignment .  
D e f i n i t i o n  2 :  
or  
of  
C(N,k) is  t h e  number of c o n t a c t s  f o r  a f a u l t - t o l e r a n t  swi t ch ing  
network of N i n p u t s  and k l e v e l s .  
D e f i n i t i o n  3 : 
c(N,k) is a s i n g l e - f a u l t - t o l e r a n t  network of  N i n p u t s  and k 
l e v e l s .  
Observe t h a t  k 5 2, fo r  when k = 1 any network f a i l s  t o  be 
f a u l t  t o l e r a n t .  T h i s  i s  t r u e  s i n c e  a s tuck-a t -c losed  p o s i t i o n  c o n t a c t  
causes  a permanent l i n k  between a p a i r  of input -output  t e r m i n a l s .  I n  
t h e  preceding  s e c t i o n  i t  was found t h a t :  
C(N,2) * N(N + 3) (1) 
I t  is  a l s o  known t h a t :  
C(N,2 l o g  N) 5 4N log2 N (see Appendix A) . (2)  
The re fo re  f o r  2 e k 2 l o g  N w e  seek  an i t e r a t i v e  c o n s t r u c t i o n  f o r  
c(N,k) such  t h a t  
C(N,k) C(N,k - 1 )  
Our i t e r a t i v e  c o n s t r u c t i o n  scheme w i l l  be a s  d e s c r i b e d  i n  t h e  appendix, 
namely: c(N,k) w i l l  c o n s i s t  of two p e r i p h e r a l  l e v e l s  c o n s t r u c t e d  from 
2 X 2 c r o s s b a r  s w i t c h e s  and a c e n t e r  s t a g e  comprised of  two c(N/2,k - 2)  
networks.  W e  w i l l  u se  t h e  c(N,2) a s  t h e  network f o r  t h e  i t e r a t i o n  of 
6 
even k and w e  w i l l  u se  c(N,3),  which i s  a modif ied C l o s  network, a s  t h e  
network for t h e  i t e r a t i o n  of odd k .  
2 .  I t e r a t i v e  C o n s t r u c t i o n  f o r  c(N,2k) 
Theorem: L e t  c(N/2,2(k - 1 ) )  be g i v e n ;  t hen  t h e  network of 
F i g .  4 i s  a c(N,2k) .  
e I I  -- e e e 
- ON-l 2 x 2  2 x 2  I N - I  - 
I N  - - I - ON 
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FIG. 4 ITERATIVE CONSTRUCTION SCHEME FOR n x n NETWORKS 
Proof : 
( a )  A s i n g l e  f a u l t  i n  any of t h e  c(N/2,2(k - 1 ) )  
is c o r r e c t a b l e  by assumption.  
(b)  A s i n g l e  f a u l t  i n  any of t h e  p e r i p h e r a l  2 X 2 
swi t ches  w i l l  c ause  t h e  t w o  a s s o c i a t e d  ter-  
mina l s  t o  be permanently connected t o  one of 
t h e  c(N/2,2(k - 1)) swi t ches  e a c h .  T h i s  is 
s t i l l  a v a l i d  n o n f a u l t - t o l e r a n t  network, a s  
d e s c r i b e d  i n  Appendix A .  
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By i t e r a t i v e  c o n s t r u c t i o n ,  w e  have 
C(N,2) = N(N + 3) , 
and 
C(N,2k) = 4N(k - 1) + z k - ' C ( 5  k-1' 2) , (4)  
so t h a t  
N + 4k - 1) ( 5 )  - (k- l )  C(N,Bk) = N(2 
k +m 
Now f o r  N = 2 , so  t h a t  k = l o g  N - m, and C(N,Bk) = C(N,2 l o g  N - 2m), 
w e  g e t  
2 
C(N,2k) = N(Zm+' + 4 l o g  N - 4m - (6) 
W e  observe  t h a t  2 m+l = 4m o n l y  for m = 1, m = 2 ;  so for t h e s e  v a l u e s  of m 
Remarks: The network c(N,2) could always be c o n s t r u c t e d  by 
2 
cascad ing  two c r o s s b a r  swi t ches  of N X N each,  so t h a t  C(N,2) = 2N con- 
t a c t s .  
k 
N = 2 
s i n c e  t h e r e  a r e  i n  t h e  network N/2 c (2 ,2 )  networks which could  be re- 
p laced  by t w o  2 X 2 cascaded swi t ches  each, and s i n c e  for N = 2, 
2 X 22 = 8 and 2 ( 2  + 3) = 10, t h e r e  i s  a sav ing  of 2 c o n t a c t s  i n  each  
such rep lacement ;  t h u s  w e  have a t o t a l  s a v i n g s  of 2 X N/2 = N c o n t a c t s  
so t h a t  t h e  new c o n s t r u c t i o n  g i v e s  
However, for N = 2, N(N + 3) > 2N2 i n  E q .  ( 3 ) ,  so t h a t  for 
and m = 0, w e  have C(N,2k) = C(N,2 l o g  N) = N(4 l o g  N + 1 ) .  But 
C(N,2 l o g  N) = 4N l o g  N (8) 
8 
W e  can conclude  t h a t  a minimal network is  a r r i v e d  a t  for: 
3 .  An Assignment Algori thm 
I n  g e n e r a l ,  for a swi t ch ing  network t h e  p r i c e  w e  pay for an 
i n c r e a s e  i n  c o n t a c t  economy is an i n c r e a s e  i n  the complexity of t h e  
a s s i g n i n g  a l g o r i t h m .  
F i g u r e  5 r e p r e s e n t s  c (4 ,2 )  where the  nodes a r e  c o n t a c t  bus- 
wires and a l i n e  r e p r e s e n t s  t h e  e x i s t e n c e  of a c o n t a c t  between the  re- 
s p e c t i v e  t w o  b u s - l i n e s  . 
I I  
12 
I3 
I4 
01 
0 2  
0 3  
0 4  
M5 
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FIG. 5 GRAPH MODEL OF AN ASSIGNMENT SCHEME 
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Consider  an assignment  a lgo r i thm fo r  t h e  network of F i g .  5.  
L e t  t h e  r e q u i r e d  assignment  be: 
where x y  y, z, w range  ove r  1, 2, 3, 4, mutua l ly  e x c l u s i v e .  Under t h e  
n o - f a u l t  c o n d i t i o n  w e  make t h e  fo l lowing  ass ignments :  
Not ice  t h a t  M was excluded from t h e  assignment  s i n c e  i t  was redundant .  
Now, under  a f a u l t  c o n d i t i o n  w e  exc lude  M ( i  = 1, 2, 3, 4, 51, a s s o c i a t e d  
w i t h  t h e  f a u l t y  c o n t a c t .  L e t  t h e  c o n t a c t  between M and 0 be f a u l t y ;  
t hen  our  assignment  w i l l  be:  
5 
i 
3 2 
From t h e  above example w e  can e a s i l y  g e n e r a l i z e  t h e  a lgo r i thm t o  any 
c ( N , 2 ) ,  Namely, f o r  any assignment,  under  a f a u l t  c o n d i t i o n ,  make t h e  
middle  node a s s o c i a t e d  w i t h  t h e  f a u l t  redundant .  The assignment  a lgo r i thm 
f o r  a f o u r - l e v e l  network w i l l  c o n s i s t  of go ing  through a double  a s s ign -  
ment a s  exp la ined  i n  Appendix A f o r  t h e  p e r i p h e r a l  2 X 2 swi tches ,  which 
i n  t u r n  s p e c i f i e s  t h e  ass ignments  on t h e  t w o  c(N/2,2) networks.  W e  can 
conclude  t h a t  f o r  c(N,2k) t h e r e  w i l l  be 2k d i f f e r e n t  subassignments  of N 
e lements  each  i n  o r d e r  t o  complete  t h e  N -.+ N ass ignment .  
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4 .  I t e r a t i v e  C o n s t r u c t i o n  for c(N,2k + 1) 
Theorem: F i g u r e  6 is a modified t h r e e - l e v e l  C los  network which 
is  s i n g l e - f a u l t  t o l e r a n t ,  i .e . ,  c ( N , 3 ) ,  
L M L 
TA-5580- 202 
FIG. 6 A SINGLE-FAULT-TOLERANT THREE-LEVEL CLOS NETWORK 
Proof: L e t  a f a u l t  a c c r u e  i n  one of the L boxes; then w e  omit 
from the  assignment c o n s i d e r a t i o n  t h e  fo l lowing :  
(a )  One of the  (n + 1) c r o s s b a r s  a s s o c i a t e d  w i t h  
the f a u l t y  c o n t a c t  
(b)- The l i n k  a s s o c i a t e d  w i t h  t h e  c r o s s b a r  of (a) 
(c) The M box a s s o c i a t e d  w i t h  t h e  l i n k  i n  (b) 
(d)  A l l  l i n k s  a s s o c i a t e d  w i t h  t he  M box of ( c ) .  
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W e  a r e  then  l e f t  w i t h  a Clos- type network which is n o n f a u l t  t o l e r a n t  bu t  
which is  s t i l l  a complete  swi t ch ing  network. 
From F i g .  6, w e  have 
z C(N,3) = 2rn (n  + 1) + r (n  + 1) 
and c l e a r l y  N = nr ,  so t h a t  
2 2 
C(N,3) = 2Nn + 2N + - + 2 N N  
n 2 
To  f i n d  t h e  v a l u e  of  n for minimal c(N,3) ,  w e  g e t  
2 
N2 2N - d - C ( N Y 3 )  = 2N - 2 - - - dn 3 
n n 
and for n >> 2 w e  g e t  
and 
2 
N 3 2n Y 
r z 2 n  , 
so t h a t :  
2 
C(N,3) = 8n (1 + n) 
o r  
1/2 
C(N,3) = 4n((:) + 1) 
W e  proceed t o  c o n s t r u c t  c(N,5) i n  t h e  same manner t h a t  w e  have 
c o n s t r u c t e d  c(N,4) so t h a t  
C(N,5) = 4N + 2C(z,3)  N 
12 
and 
N C(N,2k + 1) = 4N + 2C( ~ , 2 k  + 1) , 
so t h a t  
C(N,Bk + 1) = 4N (($I2 + k) 
I t  i s  p o s s i b l e  t o  a r r i v e  a t  a f u r t h e r  s a v i n g  of c o n t a c t s  for 
c(N,3) by observ ing  the  fo l lowing :  
(a )  In a r e g u l a r  t h r e e - l e v e l  Clos  network a s i n g l e  
L swi t ch  can always be e l imina ted  i f  w e  can  
s t a r t  w i t h  t he  assignment procedure u s i n g  t h e  
i n p u t s  t o  t h i s  switch f i r s t .  
I n  a c ( N , 3 )  w e  can reduce  one L swi t ch  t o  a 
s imple  swi t ch  w i t h  2n c o n t a c t s  which a s s i g n s  
i t s  n i n p u t s  t o  any n of the  (n  + 1) ou tpu t s ,  
t h u s  accommodating a s i n g l e  f a u l t  i n  t h e  swi tch  
and a l lowing  fo r  the  rest of t he  assignment 
procedure  t o  be fo l lowed.  
(b) 
Thus, there w i l l  be  a s av ing  of (n2 - 2n) c o n t a c t s  i n  eve ry  c ( N , 3 )  making 
5. Discuss ion  
W e  have cons idered  o n l y  t h e  c a s e  of equa l  numbers of i n p u t s  
and o u t p u t s .  As an example of the sav ings  obta ined  by going t o  a t h i r d  
l e v e l ,  t h e  c o s t  of an  (8,3) swi tch  i s  79 c o n t a c t s ,  wh i l e  the  c o s t  of an 
(8,2) swi t ch  i s  88 c o n t a c t s .  
n o t  been t r e a t e d  a s  y e t ,  b u t  t he  r e l a t i v e  sav ings ,  compared w i t h  n X r 
two-level  switches,  may be expected t o  be a t  l e a s t  a s  g r e a t  a s  for the 
n X n c a s e .  
The c a s e  of n X r t h r e e - l e v e l  swi tches  has  
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The d e s i g n  of m u l t i l e v e l  swi t ches  f o r  t w o  or more a r b i t r a r y  
f a u l t s  remains an i n t e r e s t i n g ,  unsolved problem. 
D . Reconf i g u r a t  ion  C o n t r o l  
1. The Problem 
In  some m u l t i p r o c e s s o r  des igns ,  t h e  d a t a  swi t ch ing  networks 
may be requ i r ed  t o  change s e t t i n g s  a t  each i n s t r u c t i o n .  For t h e  
redundant-path schemes d i s c u s s e d  i n  S e c s .  I-B and I-C, it  is t h e r e f o r e  
necessa ry  t o  provide  f o r  r a p i d  "ca l cu la t ion"  of t h e  a l t e r n a t i v e  p a t h s  
f o r  p a r t i c u l a r  input -output  t e r m i n a l  p a i r i n g s .  
I t  appea r s  t h a t  t h e  amount of l o g i c  r equ i r ed  f o r  choos ing  be- 
tween a l t e r n a t e  p a t h s  is smal l  and its s t r u c t u r e  is uncomplicated.  I n  
t h i s  p a r t ,  a hardware scheme i s  d e s c r i b e d  f o r  t h e  5 X 6 X 5 network 
d e s c r i b e d  i n  S e c ,  I-B. 
2 .  An Example of a Hardware S o l u t i o n  
The b a s i c  s e l e c t i o n  l o g i c  f o r  a nonredundant c r o s s b a r  i s  
i l l u s t r a t e d  i n  F i g .  7 .  The addres s  of t h e  o u t p u t  bus t o  which t h e  in -  
pu t  t e r m i n a l  is t o  be connected is app l i ed  t o  a decoder ,  one of whose 
o u t p u t s  sets a f l i p  f l o p ,  which c o n t r o l s  t h e  a p p r o p r i a t e  d a t a  s w i t c h .  
CROSS 
POINTS 
FLIP 
FLOPS 
ADDRESS 
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FIG. 7 SELECTION LOGIC FOR A NONREDUNDANT CROSSBAR 
14 
A sugges ted  scheme for  t h e  5 X 5 redundant-cascade c ros sba r ,  
w i t h  s i x  i n t e r m e d i a t e  buses, is shown i n  F i g .  8 .  H e r e ,  t h e  decoder  o u t -  
p u t s  feed  t h e  f l i p  f l o p s  v i a  a l a d d e r  network, composed of 2 X 2 permuter  
c e l l s .  T h i s  l adde r ,  which h a s  been employed i n  e a r l i e r  r e p o r t s ,  p rov ides  
for t h e  one-place,  r i g h t - s h i f t i n g  of a l l  s i g n a l s  t o  t h e  r i g h t  of  a s p e c i -  
f i e d  column. By t h i s  means, i f  a v e r t i c a l  bus is t o  be d i sconnec ted  
(B2 i n  t h e  example), t h e  decoder  o u t p u t s  from 2 t o  5 a r e  s h i f t e d  one 
p l a c e  t o  t h e  r i g h t .  
t o  be connected t o  t e r m i n a l  2, t h e  addres s  "2" is  app l i ed ,  bu t  t h e  cross- 
p o i n t  f o r  bus B i s  e n e r g i z e d .  
Thus, i f  B2 is to  be d isconnec ted ,  and i n p u t  1 is 
3 
A s i m i l a r  l a d d e r  network i s  provided a t  t h e  o u t p u t  network.  
The f l i p  f l o p s  i n  t h e  upper  network may a l s o  be used f o r  c o n t r o l l i n g  t h e  
lower network. Normally, when t h e  f l i p  f l o p  f o r  row 1, column 2 ( t o p  
network) i s  ene rg ized ,  t h e  c r o s s p o i n t  f o r  row 2, column 2 (bottom n e t -  
work) is a l s o  e n e r g i z e d .  
pu t  w i l l  be  d i r e c t e d  t o  t h e  r o w  2, column 3 (bot tom network),  by t h e  
s e t t i n g  of t h e  bottom network 's  l a d d e r .  
I f  B2 i s  t o  be bypassed, t h e  B f l i p - f l o p  o u t -  3 
An a l t e r n a t i v e  scheme t o  us ing  t h e  l a d d e r  network i n  t h e  upper  
network is t o  o p e r a t e  on t h e  i n p u t  addres ses ,  u s i n g  s p e c i a l  l o g i c ,  such  
t h a t ,  f o r  t h e  bypass ing  of bus j, t h e  addres s  a is rep laced  by a + 1 f o r  
a 2 j .  
- 
S i n c e  t h i s  f u n c t i o n  h a s  a r i s e n  i n  s e v e r a l  e a r l i e r  r e p o r t s ,  a 
l o g i c a l  d e s i g n  h a s  been developed .  I t  i s  i l l u s t r a t e d  i n  F i g .  9, f o r  
0 a 1 5 .  A modif ied a d d r e s s  a '  is produced a s  a combina t iona l  func-  
t i o n  of t h e  i n i t i a l  add res s  a and a stored index j .  The scheme o p e r a t e s  
by scanning  t h e  b i t s  of a and j from t h e  most s i g n i f i c a n t  b i t s  downward, 
and t e s t i n g  a and j i n  t h e  f i r s t  p l a c e  i n  which t h e y  d i f f e r .  Three 
i n t e r m e d i a t e  f u n c t i o n s  a r e  g e n e r a t e d :  
- - 
- - 
- - 
- - 
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The f i n a l  r e s u l t  - a '  i s  produced by a set of  ha l f - adde r s ,  which 
0 adds 2 t o  5 when ( a  2 j) is  t r u e .  
The d e l a y  through t h e  network is 2 N  l e v e l s  f o r  N b i t s .  T h i s  
could be reduced s u b s t a n t i a l l y  (e.g., t o  about  5) by a c c e l e r a t i o n  of  t h e  
c a r r y "  s i g n a l s  i n  t h e  two AND c a s c a d e s .  11 
An a l t e r n a t i v e  scheme may be c o n s t r u c t e d  i n  which ( a  2 j) i s  - -  
gene ra t ed  a s  t h e  over f low of t h e  c a r r y  c h a i n  l o g i c  of a p a r a l l e l  sub- 
t r a c t o r ,  b u t  t h e  d e l a y  f o r  such a scheme is a t  l e a s t  twice t h a t  of  t h e  
d e s i g n  g iven  h e r e .  
E .  Switch P a r t i t i o n i n g  and D i s t r i b u t i o n  of Contac t  
1. The Problem 
The da ta-connec t ion  swi t ch  f o r  a spaceborne mul t ip rocesso r  w i l l  
probably need t o  t r a n s f e r  d a t a  w i t h  a p a r a l l e l i s m  of from t e n  t o  30 b i t s .  
Thus a p r a c t i c a l  c r o s s b a r  swi t ch  w i l l  be composed of a set of c r o s s b a r s  
of t h e  type  d e s c r i b e d  i n  t h e  preceding  s e c t i o n s ,  one f o r  each  b i t  of t h e  
p a r a l l e l  d a t a  message. From t h e  v iewpoin t  of c o n t r o l l i n g  e r r o r s  i n  t h e  
da t a - swi t ch ing  c o n t a c t s  of t h e s e  c r o s s b a r s ,  t h e  g r e a t e s t  number of such 
e r r o r s  could  be accommodated when each c r o s s b a r  may be c o n t r o l l e d  inde-  
pendent ly  of t h e  o t h e r s .  Such r e p l i c a t i o n  of c o n t r o l ,  however, i n t r o -  
duces  a d e g r a d a t i o n  of r e l i a b i l i t y  due t o  t h e  added equipment .  
In  t h i s  s e c t i o n ,  w e  examine t h e  problem of p a r t i t i o n i n g  a 
p a r a l l e l - d a t a  c r o s s b a r  system i n t o  independent ly  c o n t r o l l e d  d a t a  swi t ches ,  
f o r  optimum r e l i a b i l i t y .  Our t r ea tmen t  should be  cons idered  a s  an i n t r o -  
d u c t i o n  t o  t h e  problem, s i n c e  w e  i gnore  t h e  impor tan t  q u e s t i o n  of 
packaging ( p i n  l i m i t a t i o n s ,  connec to r  u n r e l i a b i l i t y ,  etc .) , and t h e  
p o s s i b l e  use  of redundancy w i t h i n  t h e  c o n t r o l  c i r c u i t s .  
W e  do, however, d i s t i n g u i s h  t w o  impor tan t  c a s e s  of e r ror  d i s -  
t r i b u t i o n  among t h e  d a t a  swi t ches :  (1) m u l t i p l e  e r r o r s  independent ly  
l o c a t e d ,  and (2)  m u l t i p l e  errors t end ing  t o  occur  i n  t h e  same d a t a  s w i t c h .  
These c a s e s  cor respond,  r e s p e c t i v e l y ,  t o  discrete-component  and i n t e g r a t e d  
l o g i c  component r e a l i z a t i o n s .  I n  t h e  f i r s t  ca se ,  p r o t e c t i o n  i s  m o s t  
e f f i c i e n t l y  achieved by app ly ing  redundancy w i t h i n  each d a t a  s w i t c h ;  i n  
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the second, redundancy is best a p p l i e d  i n  t h e  form of spa re ,  whole d a t a  
swi tch  ne tworks .  I n  p r a c t i c e ,  some combinat ion of t h e  two redundancy 
schemes would be l i k e l y ,  depending on t h e  expected p r o b a b i l i t i e s  of in -  
dependent  and dependent  f a u l t s .  
The t w o  extreme c a s e s  w i l l  be  cons ide red  i n  the n e x t  t w o  
s u b s e c t i o n s  . 
2 .  A n a l y s i s  of a System S u i t a b l e  fo r  Independent Con tac t  F a u l t s  
W e  assume a da t a - swi t ch ing  system w i t h  the fo l lowing  parameters :  
w p a r a l l e l  b i t s  p e r  word, each  b i t  switched 
by a s e p a r a t e ,  i d e n t i c a l  da t a - swi t ch ing  
network 
- 
m i d e n t i c a l  c o n t r o l  modules, each  con- 
t r o l l i n g  the  s e t t i n g  of a group of k d a t a -  
swi t ch ing  networks ( a l l  switches i n  a group 
have the  same c o n t a c t  s e t t i n g s ) ,  t h u s  
w = m k .  
- 
- 
The fo l lowing  f a i l u r e  p r o b a b i l i t i e s  a r e  assumed: 
= p r o b a b i l i t y  of f a i l u r e  of a c o n t r o l  % 
u n i t  
= p r o b a b i l i t y  of a f a u l t y  c o n t a c t  i n  9s 
a swi t ch ing  n e t ,  assumed e< 1, w i t h  
m u l t i p l e  f a u l t s  assumed t o  be 
independent  . 
The system i s  i l l u s t r a t e d  i n  F i g .  10.  The dimensions o f  the 
switches a r e  n o t  e x p l i c i t ,  a l though,  of cour se ,  t h e y  a f f e c t  q i n d i r e c t l y .  
I t  is c l e a r  t h a t  t he  system can  accommodate the  c o n d i t i o n  of a t  l e a s t  m 
s w i t c h i n g  networks w i t h  a s i n g l e  f a u l t  each .  A s  it s t a n d s ,  the  system 
cannot  hand le  more t h a n  one f a u l t  i n  any one network.  T h i s  p o i n t  w i l l  
be d i s c u s s e d  f u r t h e r  i n  the  c o n c l u s i o n .  
S 
Although some doub le - f au l t  c o n d i t i o n s  w i l l  n o t  cause  t h e  f a i l u r e  
of a group,  w e  assume t h a t  t he  overwhelming number of p o s s i b l e  combined 
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OF INDEPENDENT FAULTS 
f a u l t s  w i l l  do so .  Fur the r ,  s i n c e  w e  assume q 1, t h e  p r o b a b i l i t y  
of more than  t h r e e  f a u l t s  may be taken  a s  n e g l i g i b l e  compared t o  t h e  
p r o b a b i l i t y  of two. T h i s  argument enab le s  u s  t o  t a k e  t h e  p r o b a b i l i t y  
of group f a i l u r e  a s  t h e  p r o b a b i l i t y  of e x a c t l y  two f a u l t s .  By v i r t u e  
S 
2 
of our  assumption on t h e  independence of f a u l t s ,  t h e r e  a r e  k p o s s i b l e  
d i s t r i b u t i o n s  of two f a u l t s  i n  t h e  group.  
I t  fo l lows  t h a t  
2 P1 = p r o b a b i l i t y  of group f a i l u r e  = k q 
S 
due  t o  switch-net  f a u l t s .  
Cons ider ing  t h e  f a i l u r e s  due t o  t h e  c o n t r o l  u n i t  for each 
group, 
Pa = p r o b a b i l i t y  of s u c c e s s f u l  
2 
group = (1 - k q s ) ( l  - q,) . 
For t h e  system, 
m 
2 P3 = p r o b a b i l i t y  of a s u c c e s s f u l  system = P 
2 m 2 
= ( 1  - k q s I m ( l  - qc> M (1 - mk q s > ( l  - mqc) 
c) 
L1 2 W = 1 - mk qs - mqc w 1 - m 2 qs - mqc 
m 1 2  = 1 - - m (w 4,) - mqc . 
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T r e a t i n g  m a s  a cont inuous  v a r i a b l e ,  and d i f f e r e n t i a t i n g  P?, 
w i t h  r e s p e c t  t o  m, the optimum number of groups  is found t o  be 
w i t h  cor responding  system r e l i a b i l i t y  
3. An Approach t o  the  Accommodation of Nonindependent 
Arrav  F a u l t s  
If t h e  dominant f a i l u r e  mode i s  t h e  f a i l u r e  of an e n t i r e  
a r r ay ,  ( e . g . ,  due  t o  t h e  breaking  of a monol i th ic  l o g i c  c h i p  c o n t a i n i n g  
s e v e r a l  or a l l  the  e lements  of a swi t ch  network), the  u s e  of redundancy 
w i t h i n  an a r r a y  w i l l  no t  be e f f e c t i v e .  A more e f f e c t i v e  approach is  
the  use  of s p a r e  networks,  a s  i n  b i t - s l i c i n g  o r g a n i z a t i o n .  
Such an approach, f o r  a W-bit system, is  i l l u s t r a t e d  i n  F ig .  
11. One s p a r e  network is  p rov ided ,  Each channel  i s  converted t o  a 
swi t ch ing  network v i a  a 2 X 2 c r o s s b a r ,  i . e . ,  a 2-permuter, a s  used 
( u b i q u i t o u s l y )  i n  our  des igns  of commutation switches. The 2-permuters 
a r e  connected so a s  t o  permi t  t h e  d isp lacement  of a s i g n a l  t o  t h e  r i g h t -  
a d j a c e n t  network. In  F i g .  11, t h e  s e t t i n g s  a r e  shown f o r  the bypassing 
of network 2 .  
One b i t  of c o n t r o l  in format ion  is s u f f i c i e n t  f o r  t he  set of 
2-permuters s e r v i n g  one network. Con t ro l  f o r  the  s e t t i n g  of  t h e  d a t a  
switches may be common f o r  t he  e n t i r e  a r r ay ,  u n l e s s  it is d e s i r e d  t o  
accommodate some independent  f a u l t s ,  i n  which c a s e  the  scheme of the 
preceding  s u b s e c t i o n  may be superimposed. 
I t  should be noted t h a t  t h e  p r e s e n t  scheme r e q u i r e s  a t  l e a s t  
three l e v e l s  of swi t ch ing .  
* 
I n  p r a c t i c e ,  m must be an i n t e g e r  i n  the range  1 t o  w .  
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M u l t i p l e  a r r a y  f a u l t s  may be accommodated by a s t r a i g h t f o r w a r d  
e x t e n s i o n  of t h e  scheme. The a d d i t i o n a l  hardware i s  no t  c o s t l y ,  bu t  
each  a d d i t i o n a l  l e v e l  of f a u l t  p r o t e c t i o n  adds two l e v e l s  of system 
d e l a y .  
4 .  D i scuss ion  
Schemes have been presented  for accommodating f a u l t s  i n  d a t a -  
swi t ch ing  networks,  f o r  t h e  c a s e s  i n  which f a u l t s  a r e  independent ly  d i s -  
t r i b u t e d  among t h e  c o n t a c t s ,  or where f a u l t s  a r e  c o h e r e n t l y  d i s t r i b u t e d .  
The schemes have n o t  depended on any i n t e r n a l  p r o p e r t y  of t h e  
network, so  t h e  redundancy schemes o f  Secs .  I-B and I-C may be app l i ed  
w i t h i n  t h e s e  schemes. 
An impor tan t  omission i n  o u r  p a r t i t i o n i n g  schemes h a s  been t h e  
c o n s i d e r a t i o n  of packaging r e l i a b i l i t y  and packaging c o n s t r a i n t s  such a s  
number o f  p i n s  and number of c i r c u i t s .  
22 
F . Summary and Conclus ions  
W e  have developed schemes for t he  c o n t r o l  of errors i n  c r o s s b a r -  
t ype  d a t a  commutation networks.  These schemes a r e  r easonab ly  economical 
i n  both the da ta - swi t ch ing  l o g i c  and the c o n t r o l  l o g i c .  Schemes w e r e  
developed both  fo r  t h e  c a s e  of independent  c r o s s p o i n t  f a u l t s ,  and f o r  t h e  
c a s e  i n  which such  f a u l t s  may be c o r r e l a t e d ,  e .g . ,  a s  when s e v e r a l  cross- 
p o i n t s  a r e  combined i n  a s i n g l e  semiconductor  d e v i c e .  
The g e n e r a l  m o t i v a t i o n s  for  u s i n g  c r o s s b a r s ,  a s  opposed t o  networks 
based on permuta t ion  o p e r a t i o n s ,  a r e  t h a t  t h e  former  i n s e r t  fewer  l e v e l s  
of d e l a y  and have s i m p l e r  c o n t r o l  l o g i c ,  a t  t he  p r i c e  of a h i g h e r  com- 
ponent c o s t .  The d e s i g n s  developed here do  i n c r e a s e  d e l a y  and compli-  
c a t e  t he  c o n t r o l .  A f i n a l  e v a l u a t i o n  would r e q u i r e  comparison of s e v e r a l  
complete  d e s i g n s ,  for v a r i o u s  assumed f a u l t  t y p e s .  Such comparison would 
have t o  i n c l u d e  the  impor tan t  f a c t o r s  of packaging and i n t e r c o n n e c t i o n s .  
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I1 CRITERIA FOR THE SELECTION OF AN INSTRUCTION SET 
FOR A SPACEBORNE COMPUTER* 
I n t r o d u c t i o n  
I t  i s  t h e  t h e s i s  of t h i s  c h a p t e r  t h a t  t h e  i n s t r u c t i o n  r e p e r t o i r e  
computer i s  i n t i m a t e l y  r e l a t e d  t o  t h e  r e l i a b i l i t y  and e f f e c t i v e n e s s  
computer sys tem.  I n  t h i s  c h a p t e r  w e  exp lo re  s e v e r a l  fundamental  
computer p rocesses  and t h e i r  implementation i n  d i f f e r e n t  r e p e r t o i r e s .  
In  g e n e r a l ,  t h e  push-down s t a c k  i n s t r u c t i o n  r e p e r t o i r e  and machine 
o r g a n i z a t i o n  appea r s  t o  be t h e  b e s t  s u i t e d  t o  spaceborne computers be- 
cause  of i t s  h i g h l y  e f f i c i e n t  use of program memory, w i t h  r e l a t i v e l y  
l i t t l e  hardware complexi ty .  Increased  memory u t i l i z a t i o n  is p o s s i b l e  
w i t h  more complex i n s t r u c t i o n  r e p e r t o i r e s ,  bu t  t h e  r e p e r t o i r e s  add t o  
machine complexi ty  and t h e r e f o r e  might nega te  g a i n s  i n  r e l i a b i l i t y ,  
memory u t i l i z a t i o n ,  weight ,  and power consumption t h a t  can  be a t t r i b u t e d  
t o  t h e  inc reased  e f f e c t i v e n e s s  of t h e  i n s t r u c t i o n  r e p e r t o i r e s .  
B .  . Bas ic  Assumptions and Gu ide l ines  
The spaceborne computer environment i s  s i g n i f i c a n t l y  d i f f e r e n t  from 
t h e  environment of land-based computer sys tems.  I n  s p a c e c r a f t ,  t h e  
p rec ious  r e s o u r c e s  a r e  weight ,  volume, and power, whereas t h e  usua l  
p rec ious .  r e s o u r c e  f o r  land-based computers, t i m e ,  i s  n o t  n e a r l y  so d e a r  
on s p a c e c r a f t .  The d i f f i c u l t y  or i m p o s s i b i l i t y  of maintenance t o g e t h e r  
w i t h  t h e  h igh  c o s t  of f a i l u r e  p l a c e s  s p e c i a l  importance on h igh  r e l i a -  
b i l i t y ,  which i s  seldom t h e  c a s e  f o r  ground computers.  I n  c o n s i d e r i n g  
t h e  c o n s t r a i n t s  of t h e  spaceborne environment,  i t  is  n o t  s u r p r i s i n g  t h a t  
spaceborne computers should be designed and programmed d i f f e r e n t l y  from 
t h e i r  ground-based c o u n t e r p a r t s .  
A s  w e  e x p l o r e  t h e  a l t e r n a t i v e s  t h a t  e x i s t  fox  t h e  des ign  of a 
spaceborne computer, w e  s h a l l  assume t h e  fo l lowing :  
* 
By H .  S .  S tone .  
25 
(4) 
( 5 )  
The 
t i o n s  i s  
S p e c i a l  hardware t h a t  c o n t r i b u t e s  mainly t o  t h e  re- 
l i a b i l i t y  of t h e  computer system might be p r a c t i c a l  
for spaceborne  computers  w h i l e  s i m i l a r  hardware 
cannot  be j u s t i f i e d  f o r  ground-based computers .  
Trade-of fs  can  be made between p rocess ing  speed 
and system r e l i a b i l i t y .  I t  is a p p r o p r i a t e  t o  
i d e n t i f y  t h e s e  t r a d e - o f f s .  
A f t e r  launch,  t h e  c o l l e c t i o n  of programs i n  a 
spaceborne computer remains r e l a t i v e l y  c o n s t a n t .  
The volume of d a t a  w i t h i n  t h e  system may f l u c t u a t e  
c o n s i d e r a b l y .  
The computer system i s  a modular system, p o s s i b l y  
c o n t a i n i n g  m u l t i p l e  p r o c e s s o r s  and m u l t i p l e  memory 
modules.  Some or a l l  i t e m s  he ld  i n  computer 
memory a r e  s t o r e d  r edundan t ly  so t h a t  t h e y  can  
s t i l l  be r e t r i e v e d  i n  t h e  even t  of memory f a i l u r e .  
I n s t r u c t i o n  s t r eams  might be multiprogrammed i n  a 
s ing le  p rocesso r ,  and independent  i n s t r u c t i o n  
s t r eams  might be executed  s imul t aneous ly  i n  t h e  
m u l t i p l e  p r o c e s s o r s .  
A bulk s t o r a g e  medium is  a v a i l a b l e  f o r  s p a c e c r a f t  
u se  t h a t  i s  s u i t a b l e  f o r  s t o r a g e  of l a r g e  f i l e s  
of d a t a  b u t  i s  n o t  s u i t a b l e  a s  a s t o r a g e  medium 
f o r  programs t h a t  a r e  undergoing e x e c u t i o n .  
reason f o r  t h e  c a p a b i l i t i e s  allowed i n  t h e  l a s t  t h r e e  assump- 
t h a t  w e  s p e c i f i c a l l y  do  no t  want t o  make d e c i s i o n s  t h a t  r u l e  
o u t  t h e s e  c a p a b i l i t i e s .  I t  may be t h e  case ,  on t h e  o t h e r  hand, t h a t  
t h e  assumed c a p a b i l i t i e s  a r e  n o t  used.  For example, a m u l t i p r o c e s s o r  
computer might  a c t u a l l y  be ope ra t ed  a s  a s implex p rocesso r  w i t h  t h e  
unused p r o c e s s o r s  i d l i n g  i n  a low-power-drain s t a t e  or performing re- 
dundant computat ion f o r  e r r o r  d e t e c t i o n .  
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In  essence, assumpt ions  4, 5, and 6 f o r c e  u s  t o  c o n s i d e r  c e r t a i n  
a s p e c t s  of t h e  computer system t h a t  o t h e r w i s e  may be over looked .  
The n e x t  section d e s c r i b e s  t h e  a t t r i b u t e s  of i n s t r u c t i o n  r e p e r t o i r e s  
t h a t  a r e  p e r t i n e n t  t o  t h e  d e s i g n  of spaceborne  computers.  
C. I n s t r u c t i o n  R e p e r t o i r e s  
Two a s p e c t s  of i n s t ruc t ion  r e p e r t o i r e s  concern  u s  here ,  r e l i a b i l i t y  
and e f f i c i e n t  u s e  of memory. The importance of r e l i a b i l i t y  i n  spaceborne 
computers is  c l e a r  from t h e  assumptions i n  t h e  p rev ious  s e c t i o n .  The 
importance of t h e  e f f i c i e n t  u s e  of memory is due t o  the  f a c t  t h a t  memory 
size is  h i g h l y  c o r r e l a t e d  t o  t h e  c o s t ,  volume, weight ,  power consumption, 
and r e l i a b i l i t y  of a spaceborne  computer system. I t  is by f a r  the  most 
p r e c i o u s  r e s o u r c e  i n  t h e  computer system. Thus t h e  e f f i c i e n t  use of 
memory c o n t r i b u t e s  s u b s t a n t i a l l y  t o  t he  o v e r a l l  e f f e c t i v e n e s s  of t h e  
computer sys tem.  
In the d i s c u s s i o n s  t h a t  f o l l o w  w e  w i l l  i l l u s t r a t e  how t h e  i n s t r u c -  
t i o n  r e p e r t o i r e  h a s  a v e r y  s t r o n g  i n f l u e n c e  on memory u t i l i z a t i o n  and 
system r e l i a b i l i t y ,  and w e  w i l l  a t t empt  t o  d e r i v e  a s k e l e t o n  i n s t r u c t i o n  
r e p e r t o i r e  t h a t  r e f l e c t s  "good" c h a r a c t e r i s t i c s .  
In  most f i r s t -  and second-genera t ion  computers, the  i n s t r u c t i o n  
r e p e r t o i r e s  fo l low a r i g i d  fo rma t .  Each i n s t r u c t i o n  occupies  a h a l f  or 
t h e  whole of one computer word and c o n t a i n s  an o p e r a t i o n  code, t a g  b i t s  
t o  c o n t r o l  e f f e c t i v e  addres s ing ,  and one or more operand a d d r e s s e s .  In 
such r i g i d  formats ,  as the  number of a d d r e s s a b l e  memory l o c a t i o n s  in -  
c r e a s e s ,  t h e n  so must t h e  s i z e  of the operand addres s  f i e l d s .  The l a r g e r  
a d d r e s s  f i e l d  i n  t u r n  d i c t a t e s  t h a t  t he  word s i z e  be l a r g e r  so t h a t  the  
number of  b i t s  i n  memory tend t o  i n c r e a s e  as N l o g  N, where N i s  t h e  
number of memory l o c a t i o n s .  While t h e  f a c t o r  of l o g  N is  no t  s e r i o u s  
f o r  sma l l  memories, it c o n t r i b u t e s  t o  c o s t  and degrada t ion  of r e l i a b i l i t y  
of l a r g e r  computers.  I n  f a c t ,  t h e  i n c r e a s e  i n  addres s  f i e l d  s ize  is  
unnecessary .  Programs c h a r a c t e r i s t i c a l l y  do n o t  a d d r e s s  l o c a t i o n s  uni -  
formly  through memory so t h a t  there is a p o t e n t i a l  s av ings  i n  memory if  
t h e  most f r e q u e n t l y  used a d d r e s s e s  a r e  encoded w i t h  fewer b i t s  than t h e  
2 
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less f r e q u e n t l y  r e fe renced  l o c a t i o n s .  For t h o s e  programs whose behavior  
is independent  of t h e  t o t a l  s i z e  of memory, t h e  size of  t h e  operand 
addres s  f i e l d  should a l s o  be independent  of t h e  t o t a l  s i z e  of memory. 
Consequent ly ,  i t  is p o s s i b l e  i n  p r a c t i c e  t o  e l i m i n a t e  t h e  l o g  N f a c t o r  
i n  t h e  growth r a t e  of  t h e  number of  b i t s  i n  memory. 
2 
Apar t  from t h e  a d d r e s s i n g  problem t h e r e  a r e  t w o  d i s t i n c t  problems 
concern ing  t h e  i n s t r u c t i o n  r e p e r t o i r e  and i t s  r e l a t i o n  t o  e f f i c i e n t  
memory u t i l i z a t i o n .  The f irst  problem is t o  f i n d  an encoding of  a g iven  
set of i n s t r u c t i o n s  so  t h a t  s t o r a g e  is used w i t h  h i g h  e f f i c i e n c y ,  
t h e  hardware r e q u i r e d  t o  implement t h e  i n s t r u c t i o n s  i s  r easonab ly  
The second problem is t o  select t h e  i n s t r u c t i o n s  f o r  a r e p e r t o i r e  
t h e  c o n d i t i o n  t h a t  t h e r e  is a c o n s t r a i n t  on t h e  t o t a l  number of d 
Y e t  
s imple  . 
und e r 
f f e r e n t  
i n s t r u c t i o n s  a l lowed.  A measure of t h e  u t i l i t y  of t h e  i n s t r u c t i o n  set 
i s  t h e  compactness of programs f o r  common computer p r o c e s s e s .  
The problem of encoding a s p e c i f i c  i n s t r u c t i o n  set  can be  so lved  i n  
t h e o r y  by measuring t h e  f requency  of u se  of v a r i o u s  i n s t r u c t i o n s  and 
employing a Huffman code2 scheme f o r  encoding them w i t h  r e s p e c t  t o  t h e  
f requency  d i s t r i b u t i o n .  S i n c e  t h e  Huffman code y i e l d s  code words of 
va ry ing  l e n g t h s ,  t h e  problem of  decoding Huffman-coded i n s t r u c t i o n  
p l a c e s  an undue burden on t h e  computer c o n t r o l  u n i t .  Compromise schemes 
have been implemented i n  s e v e r a l  computers .  These schemes e n t a i l  t h e  
u s e  of s e v e r a l  d i f f e r e n t  i n s t r u c t i o n  fo rma t s  of va ry ing  l eng th ,  bu t  t h e  
l e n g t h s  a r e  c a r e f u l l y  chosen t o  be m u l t i p l e s  of an accommodated f i e l d  
l e n g t h .  In  t h e  i n s t r u c t i o n  sets desc r ibed  i n  succeeding s e c t i o n s ,  i t  
is assumed t h a t  m u l t i p l e  i n s t r u c t i o n  formats  of  d i f f e r e n t  l e n g t h s  w i l l  
be  u t i l i z e d  when cond it i o n s  p e r m i t .  
In  t h e  fo l lowing  s e c t i o n s  w e  i n v e s t i g a t e  t h e  problems of addres s ing  
and t h e  s e l e c t i o n  of i n s t r u c t i o n s  fo r  a r e p e r t o i r e .  
D .  U t i l i z a t i o n  of Address  F i e l d s  
W e  assume t h a t  t h e  a d d r e s s  f i e l d  i n  an i n s t r u c t i o n  h a s  a f i x e d  
l e n g t h .  There a r e  s e v e r a l  d i f f e r e n t  ways t h a t  t h e  addres s  f i e l d  can be 
i n t e r p r e t e d  by a p rocesso r  t o  form an e f f e c t i v e  a d d r e s s .  The v a r i o u s  
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a l t e r n a t i v e s  can  be used i n d i v i d u a l l y  or i n  combinat ion i n  a computer 
sys tem.  I t  is o u r  purpose t o  examine t h e s e  a l t e r n a t i v e s  and i d e n t i f y  
those t h a t  l ead  t o  t h e  g r e a t e s t  s t o r a g e  economy. 
Among t h e  a l t e r n a t i v e s  a v a i l a b l e  f o r  the i n t e r p r e t a t i o n  of addres s  
f i e l d s  a r e  t h e  fo l lowing  : 
Method a--Use the  e n t i r e  f i e l d  a s  an a b s o l u t e  
memory a d d r e s s .  
Method b--Use selected b i t s  i n  t h e  f i e l d  t o  
select one or more index r e g i s t e r s  
whose c o n t e n t s  a r e  added t o  the  
f i e l d .  The r e g i s t e r s  can  hold  
l o n g e r  a d d r e s s e s  than  the  a d d r e s s  
f i e l d  i n  t he  i n s t r u c t i o n .  
Method c--Use a b i t  t o  s p e c i f y  i n d i r e c t i o n .  
The i n d i r e c t  addres s  f i e l d  can  be 
l o n g e r  than  the  d i r e c t  addres s  
f i e l d  . 
Method d--Treat the  addres s  f i e l d  a s  i f  it 
s p e c i f i e d  a con t iguous  r eg ion  of 
memory, bu t  u s e  s u b f i e l d s  of the  
addres s  a s  page and segment numbers 
t o  permi t  memory remapping. 
Method e--Use a s u b f i e l d  t o  s p e c i f y  addres s ing  
r e l a t i v e  t o  one r e g i s t e r  of  a group 
of r e g i s t e r s  whose s t a t e  de t e rmines  
t h e  c o n t e x t  of the program. The 
addres s  f i e l d s  i n  the  r e g i s t e r s  can  
be  longe r  than  the  addres s  f i e l d  i n  
t he  i n s t r u c t  i o n .  
Methods a, b, and c a r e  commonly used i n  p r e s e n t  computers .  Method 
d i s  the  well-known "paging" t echn ique  and may be used independent ly  of 
a ,  b, and c .  An example of Method e i s  the  D i j k s t r a  d i s p l a y  r e g i s t e r  
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t echn ique  f o r  a d d r e s s i n g  v a r i a b l e s  i n  ALGOL.3 
i n  hardware i n  t h e  Burroughs'  B-6500.* Methods b and e a r e  r e l a t e d  b u t  
a r e ,  n e v e r t h e l e s s ,  d i s t i n c t  methods.  The d i s t i n c t i o n  l i es  p r i m a r i l y  i n  
t h e  mechanism f o r  l o a d i n g  t h e  registers. W e  s h a l l  adopt  t h e  p o i n t  of 
view t h a t  index r e g i s t e r s  a r e  loaded and unloaded by i s s u i n g  i n s t r u c t i o n s  
s p e c i f i c a l l y  f o r  t h a t  purpose .  Context  r e g i s t e r s ,  on t h e  o t h e r  hand, a r e  
assumed t o  be modif ied a s  t h e  s i d e  e f f e c t  of i n s t r u c t i o n s  t h a t  cause  
c o n t e x t  t o  be changed.  
I t  h a s  been implemented 
Note t h a t  when t o t a l  memory s i z e  is sma l l ,  a b s o l u t e  addres ses  work 
s a t i s f a c t o r i l y  f o r  a d d r e s s i n g  pu rposes .  The i n t e r e s t i n g  c a s e  is t h a t  i n  
which memory is  s u f f i c i e n t l y  l a r g e  t h a t  it is d e s i r a b l e  n o t  t o  was te  
space  by u s i n g  a b s o l u t e  addres ses  i n  t h e  i n s t r u c t i o n s  themselves .  I n  
t h e  nex t  s e c t i o n  w e  examine Methods c and e more c l o s e l y .  
E .  Address ing  w i t h  Context  Regis te rs - -S tack  I n s t r u c t i o n  S e t s  
Three of t h e  methods f o r  u t i l i z i n g  addres s  f i e l d s  a r e  concerned 
w i t h  addres s ing  w i t h  t h e  a i d  of machine r e g i s t e r s .  I n  t h i s  s e c t i o n  w e  
see t h a t  one of t h e  t h r e e  methods, Method e, can be implemented i n  a 
f a s h i o n  t h a t  l e a d s  t o  ve ry  h igh  memory e f f i c i e n c y .  The form of  imple- 
menta t ion  i s  known a s  t h e  "s tack" i n s t r u c t i o n  set because t h e  i n s t r u c -  
t i o n s  perform o p e r a t i o n s  on a push-down s t a c k .  
When r e g i s t e r s  a r e  used t o  extend a d d r e s s a b i l i t y  (Methods b, d ,  and 
e ) ,  s t o r a g e  economy of a d d r e s s e s  i s  achieved o n l y  i f  t h e  c o n t e n t s  of t h e  
r e g i s t e r s  can be modif ied t o  permi t  programs to  o p e r a t e  i n  d i f f e r e n t  
addres s  s p a c e s .  Two modes of o p e r a t i o n  a r e  p o s s i b l e .  I n  one mode, each 
program i n  a system of programs may o p e r a t e  i n  i t s  own addres s  space  so 
t h a t  addres s  r e g i s t e r s  need o n l y  be changed when c o n t r o l  is passed from 
program t o  program. With in  t h e  c o n t e x t  of any one program, t h e  c o n t e n t s  
of  t h e  r e g i s t e r s  a r e  f i x e d .  The second mode of o p e r a t i o n  pe rmi t s  pro- 
grams to  o p e r a t e  i n  an addres s  space  t h a t  is l a r g e r  t han  t h a t  immediately 
a v a i l a b l e  i n  a f i x e d  addres s  f i e l d .  I n  t h i s  mode, programs must modify 
t h e  c o n t e n t s  of t h e  addres s  r e g i s t e r s  i n  o r d e r  t o  change t h e  a r e a  of 
memory t h a t  is a c c e s s i b l e  t o  t h e  program. 
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Regard less  of the  mode of ope ra t ion ,  t h e  u s e  o f  r e g i s t e r s  t o  extend 
a d d r e s s a b i l i t y  has  an i n t e r e s t i n g  consequence on t h e  computer system. I t  
is  e s s e n t i a l  t h a t  there be some mechanism f o r  s av ing  the  c o n t e n t s  of 
r e g i s t e r s  and f o r  l oad ing  the  r e g i s t e r s  w i t h  new d a t a  i n  o r d e r  t o  permi t  
programs t o  change t o  a new c o n t e x t  or restore a p r i o r  c o n t e x t .  I n  
g e n e r a l ,  t h i s  r e q u i r e s  memory f o r  use  a s  register save  a r e a s  and t o  
hold t he  i n s t r u c t i o n s  necessa ry  t o  s t o r e  and r e l o a d  the r e g i s t e r s .  T h i s  
is a n o n t r i v i a l  amount of s t o r a g e .  (Programs w r i t t e n  f o r  t h e  IBM 360 
computer system fo l lowing  normal convent ions  r e q u i r e  about 100 b y t e s  p e r  
s u b r o u t i n e  t o  perform t h e  r e g i s t e r  s av ing  and r e l o a d i n g  o p e r a t i o n s . )  I t  
has  been found t h a t  the  memory used f o r  t h e  r e g i s t e r  save  a r e a  s t o r a g e  
and r e g i s t e r  manipula t ion  can be g r e a t l y  reduced by us ing  a s t a c k  in -  
s t r u c t i o n  set;  hence t h i s  approach is very  s i g n i f i c a n t  t o  ou r  concern 
for e f f i c i e n t  use  of memory. 
* 
The s t a c k  i n s t r u c t i o n  approach u t i l i z e s  r e g i s t e r s  a s  desc r ibed  i n  
Method e .  In  p r a c t i c e ,  a l l  add res ses  i n  i n s t r u c t i o n s  would be pa i r ed  
w i t h  a t a g  f i e l d  t h a t  s p e c i f i e s  which r e g i s t e r  i s  t o  be added t o  t h e  
a d d r e s s  t o  form an a b s o l u t e  memory a d d r e s s .  W e  s h a l l  c a l l  t h e  r e g i s t e r s  
c o n t e x t  registers," f o r  t hey  de termine  t h e  c o n t e x t  of a program. A 11 
minimum of f o u r  r e g i s t e r s  a r e  needed and t h e s e  a r e :  
(1) Program c o u n t e r  
(2) Global  d a t a  area-- the addres s  of a d a t a  a r e a  t h a t  
a l l  subprograms s h a r e  
(3) Current  t o p  of s t a c k  
(4) Loca l  d a t a  area-- the addres s  of a d a t a ' a r e a  t h a t  is 
p r i v a t e "  t o  t h e  s u b r o u t i n e  c u r r e n t l y  i n  execu t ion .  11 
W e  s h a l l  f irst  d i s c u s s  t h e  o p e r a t i o n  of the  s t a c k  i n s t r u c t i o n  s e t  w i t h  
r e s p e c t  t o  t he  f o u r  r e g i s t e r s  des igna ted  above; then  w e  s h a l l  c o n s i d e r  
some v a r i a t i o n s  o f  the  scheme. 
* 11 For convenience,  w e  w i l l  refer t o  such a r e a s  of memory a s  "save a r e a s .  
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A change of c o n t e x t  w i t h i n  a program 1s normally viewed a s  an e n t r y  
t o  a s u b r o u t i n e  i n  t h e  program. Each e n t r y  t o  a s u b r o u t i n e  r e q u i r e s  t h a t  
some of t h e  c o n t e x t  r e g i s t e r s  be saved, i n i t i a l i z e d  f o r  t h e  sub rou t ine ,  
and e v e n t u a l l y  r e s t o r e d  p r i o r  t o  e x i t  from t h e  s u b r o u t i n e .  For t h e  
scheme employing f o u r  context r e g i s t e r s ,  a l l  b u t  t h e  g l o b a l  d a t a  r e g i s t e r  
must be saved .  The g l o b a l  d a t a  r e g i s t e r  would be saved when an e n t i r e l y  
d i f f e r e n t  program i s  entered ,  e .g ., when an i n t e r r u p t  i s  recognized  and 
an i n t e r r u p t  program i s  e n t e r e d .  
I n s t e a d  of a l l o c a t i n g  s u f f i c i e n t  memory f o r  s av ing  t h e  r e g i s t e r s  i n  
each  subrou t ine ,  t h e  memory f o r  save  a r e a s  can  be  a l l o c a t e d  dynamica l ly  
by sav ing  t h e  r e g i s t e r s  i n  a push-down s t a c k .  The " c a l l  sub rou t ine"  
i n s t r u c t i o n  should o p e r a t e  by p l a c i n g  t h e  t h r e e  c o n t e x t  r e g i s t e r s  a t  t h e  
t o p  of a push-down s t a c k ,  and t h e  " r e t u r n  from subrou t ine"  i n s t r u c t i o n  
should perform t h e  i n v e r s e  o p e r a t i o n .  In  t h i s  way, no s p e c i a l  i n s t r u c -  
t i o n s  need be  s t o r e d  and i s sued  t o  cause  t h e  registers t o  be saved and 
r e s t o r e d .  Moreover, t h e  memory requi rements  a r e  determined dynamica l ly  
so  t h a t  t h e  amount of memory used f o r  r e g i s t e r  s av ing  depends on t h e  
maximum t h a t  is a c t u a l l y  needed.  
The advantages  of t h e  s t a c k  i n s t r u c t i o n  r e p e r t o i r e  can  e a s i l y  be 
extended t o  t h e  problem of  pas s ing  parameters  from r o u t i n e  t o  r o u t i n e .  
Pa rame te r s  have t h e  c h a r a c t e r i s t i c s  of t h e  context r e g i s t e r s .  I n  o r d e r  
t o  pas s  parameters  from one s u b r o u t i n e  t o  another ,  t h e  parameters  must 
be moved i n t o  a parameter  a r ea ,  and t h i s  e n t a i l s  t h e  use  of memory f o r  
parameter  a r e a s  and f o r  i n s t r u c t i o n  sequences t h a t  move parameters  t o  
t h e  parameter  a r e a s .  I n  a s t a c k  machine, t h e  s t a c k  s e r v e s  w e l l  a s  a 
parameter  a r e a .  The maximum space  a l l o c a t e d  f o r  parameters  i s  determined 
by t h e  t r u e  maximum program requi rements  s i n c e  t h e  memory f o r  parameters  
is a l l o c a t e d  dynamica l ly .  When a s u b r o u t i n e  i s  e x i t e d ,  t h e  space  used 
f o r  parameters  t o  t h a t  r o u t i n e  becomes a v a i l a b l e  a u t o m a t i c a l l y  when t h e  
s t a c k  is "popped" d u r i n g  t h e  e x i t .  
f o r  i n s t r u c t i o n s  t o  move t h e  parameters  t o  a communication r e g i o n  because 
it is  necessa ry  t o  i s s u e  o n l y  "push-down" i n s t r u c t i o n s .  The "push-downt1 
i n s t r u c t i o n  is  e f f e c t i v e l y  e q u i v a l e n t  t o  a p a i r  of i n s t r u c t i o n s ,  ''load" 
A minimum amount of memory is  needed 
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and " s to re , "  t h a t  would be r e q u i r e d  i n  a conven t iona l  o r g a n i z a t i o n  i n  
t h i s  c a s e .  
One l a s t  p o i n t  concern ing  memory a l l o c a t i o n  i s  worth mentioning.  
Local  memory can  be a l l o c a t e d  i n  p a r t  i n  the push-down s t a c k ,  t he reby  
e f f e c t i n g  an economy i n  the use  of memory through au tomat ic  dynamic 
a l l o c a t i o n .  V a r i a b l e s  t h a t  a r e  l o c a l  t o  s u b r o u t i n e s  t h a t  must r e t a i n  
t h e i r  i d e n t i t y  a f t e r  t h e  r o u t i n e  is e x i t e d  cannot  be s t o r e d  i n  the  s t a c k .  
They must be a l l o c a t e d  i n  t h e  g l o b a l  d a t a  a r e a .  The s t a c k  is a p p r o p r i a t e  
on ly  f o r  t he  s t o r a g e  of l o c a l  v a r i a b l e s  t h a t  a r e  r e i n i t i a l i z e d  a t  each 
e n t r y  of a s u b r o u t i n e .  
Increased  program r e l i a b i l i t y  can be achieved through t h e  use  of 
r e e n t r a n t  programs, and the  s t a c k  mechanism is comple te ly  compat ib le  
w i t h  t h i s  concep t .  Return addres ses ,  f o r  example, a r e  s t o r e d  i n  t h e  
s t a c k  a s  w e  have desc r ibed  t h e  s i t u a t i o n ,  and t h u s  a r e  n o t  s t o r e d  i n  
program a r e a s  a s  i s  the  c a s e  f o r  some computers .  When r e t u r n  addres ses  
a r e  s t o r e d  i n  program a reas ,  the  s e l f - m o d i f i c a t i o n  of t he  program pre-  
v e n t s  r e e n t r a n t  u se  of t h e  program. 
I n  some s i t u a t i o n s  a s i n g l e  g l o b a l  d a t a  r e g i s t e r  is u n d e s i r a b l e .  
For example, t he  implementat ion of ALGOL 60 us ing  a D i j k s t r a  d i s p l a y  
r e q u i r e s  the use  of many r e g i s t e r s  t o  d e f i n e  t he  c o n t e x t  of d a t a .  Addi- 
t i o n a l  r e g i s t e r s  can be added t o  a computer and s t i l l  r e t a i n  the  c h a r a c t e r  
of t he  s t a c k  i n s t r u c t i o n  set .  However, a d d i t i o n a l  r e g i s t e r s  r e q u i r e  more 
b i t s  i n  the  addres s  f i e l d  t o  select  one register from the set t h a t  d e f i n e s  
a c o n t e x t .  The B-5500, a s t a c k  machine, u s e s  on ly  one g l o b a l  d a t a  
r e g i s t e r  and i l l u s t r a t e s  t h a t  t h e  use  of one r e g i s t e r  is n o t  a s e r i o u s  
l i m i t a t i o n .  I ts  successo r ,  t he  B-6500, u s e s  32 r e g i s t e r s  t o  d e f i n e  a 
c o n t e x t  w i t h i n  i ts  s t a c k  o r g a n i z a t i o n .  
W e  have mentioned t h a t  t he  program c o u n t e r  can be used t o  d e f i n e  a 
c o n t e x t  w i t h i n  a program a r e a .  I t  can be used t o  r e f e r e n c e  c o n s t a n t s  
w i t h i n  programs and t o  r e f e r e n c e  the  t a r g e t  i n s t r u c t i o n s  of branches .  
When the  program c o u n t e r  i s  used, r e f e r e n c e s  must g e n e r a l l y  be i n d i c a t e d  
a s  increments  or decrements  r e l a t i v e  t o  t h e  c o n t e n t s  of t he  program 
c o u n t e r .  Both types  of r e f e r e n c e s  occur  because branches may be forward 
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or backward. S ince  t h e  f irst  i n s t r u c t i o n s  of a program branch mainly 
i n  t h e  forward d i r e c t i o n ,  and t h e  l a s t  i n s t r u c t i o n s  i n  a program branch 
mainly i n  t h e  backward d i r e c t i o n ,  on ly  h a l f  of t h e  p o t e n t i a l  addressa-  
b i l i t y  r e l a t i v e  t o  t h e  program coun te r  is used a t  t h e  beginning  and end 
of a program. T h i s  p o i n t s  o u t  t h a t  one can save  one b i t  i n  program- 
r e l a t i v e  addres ses  by u s i n g  a program base  register i n s t e a d  of t h e  
program coun te r  t o  de te rmine  t h e  c o n t e x t  of i t e m s  i n  t h e  program a r e a .  
Addressing r e l a t i v e  t o  t h e  program base  r e g i s t e r  u s e s  p o s i t i v e  increments  
o n l y .  
To summarize t h e  p o i n t s  i n  t h i s  s e c t i o n ,  w e  have shown t h a t  t h e  
s t a c k  i n s t r u c t i o n  set y i e l d s  ve ry  e f f i c i e n t  memory u t i l i z a t i o n  f o r  t h e  
fo l lowing  r easons :  
Contexts  a r e  changed wi th  a minimum of machine 
i n s t r u c t  i o n s  . 
R e g i s t e r  s ave  a r e a s  a r e  a l l o c a t e d  dynamica l ly .  
Parameter  a r e a s  a r e  a l l o c a t e d  dynamica l ly .  
Parameters  can be moved t o  parameter  a r e a s  wi th  a 
minimum of i n s t r u c t i o n s .  
Return addres ses  a r e  s t o r e d  i n  d a t a  a r e a s  r a t h e r  
than  i n  program a r e a s ,  thereby  f a c i l i t a t i n g  t h e  
execu t ion  of r e e n t r a n t  programs. 
The p o i n t s  above s t r o n g l y  suppor t  t h e  implementation of s t a c k  i n -  
s t r u c t i o n s  i n  a spaceborne computer.  W e  n o t e  t h a t  wh i l e  it is p o s s i b l e  
t o  s imula t e  a s t a c k  w i t h  both  Methods b and c, t h e  l o s s  of e f f i c i e n c y  i n  
performing t h e  s t a c k  o p e r a t i o n s  i n  so f tware  nega te s  much of t h e  poten-  
t i a l  g a i n s  i n  u t i l i z i n g  a s t a c k .  
F . Extens ion  of A d d r e s s a b i l i t y  w i t h  I n d i r e c t i o n  
I n d i r e c t  addres s ing  (Method c )  h a s  been used i n  some computers t o  
o b t a i n  inc reased  a d d r e s s a b i l i t y .  The technique  used is simply t h i s .  
An addres s  f i e l d  of an  i n s t r u c t i o n  is used t o  access  a s t o r a g e  l o c a t i o n  
t h a t  c o n t a i n s  t h e  t r u e  memory addres s  of an operand ,  A d d r e s s a b i l i t y  is  
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enhanced when t he  i n s t r u c t i o n  addres s  f i e l d  i s  s m a l l e r  than  the  addres s  
f i e l d  used i n  t h e  i n d i r e c t  a d d r e s s .  I n d i r e c t  addres s ing  i s  compat ib le  
w i t h  t he  s t a c k  i n s t r u c t i o n  r e p e r t o i r e  desc r ibed  p rev ious ly ,  so it  can be 
used i n  combinat ion w i t h  c o n t e x t  r e g i s t e r s .  
There a r e  impor tan t  a s p e c t s  of i n d i r e c t i o n  which b e a r  d i s c u s s i o n ,  
beyond the  s imple  e x p l a n a t i o n  g iven  above. In  p a r t i c u l a r ,  t h e r e  a r e  two 
d i f f e r e n t  ways t h a t  i n d i r e c t i o n  can  be c o n t r o l l e d .  The most u s u a l  way 
i s  f o r  the  i n d i r e c t i o n  t o  be s p e c i f i e d  by the program. 
used mechanism is t o  s p e c i f y  i n d i r e c t i o n  i n  the d a t a  i t s e l f .  W e  s h a l l  
A less f r e q u e n t l y  
examine these t echn iques  i n  t he  remainder of t h i s  s e c t i o n .  
In  most implementat ions t he  i n s t r u c t i o n  de te rmines  i f  the  o p e r a t i o n  
i s  t o  be executed i n  t h e  d i r ec t  mode or i n  t he  i n d i r e c t  mode. I f  the  
mode is i n d i r e c t ,  then  the  c o n t e n t s  of t he  r e f e r e n c e  addres s  a r e  in -  
spec ted ,  t o  de te rmine  i f  it s p e c i f i e s  ano the r  l e v e l  of i n d i r e c t i o n .  I t  
i s  n o t  necessa ry  t o  suppor t  m u l t i p l e - l e v e l  i n d i r e c t i o n  i f  one can achieve  
economy or r e l i a b i l i t y  by suppor t ing  on ly  a s i n g l e  l e v e l  i n  hardware.  
One l e v e l  of i n d i r e c t i o n  is s u f f i c i e n t  t o  achieve  most of t h e  p o t e n t i a l  
economy t h a t  i n d i r e c t i o n  o f f e r s .  
Data-specif  i ed  i n d i r e c t i o n  works somewhat d i f f e r e n t l y .  In  t h i s  
mode of ope ra t ion ,  the  i n s t r u c t i o n  i t s e l f  does  n o t  s p e c i f y  whether  the  
o p e r a t i o n  i s  d i r ec t  or i n d i r e c t .  In s t ead  i t  s p e c i f i e s  a r e f e r e n c e  
addres s  t h a t  c o n t a i n s  e i ther  t h e  operand or t h e  addres s  of t h e  operand 
t o  be used f o r  t h e  i n s t r u c t i o n .  The reference addres s  must be inspec ted  
i n  o r d e r  t o  de te rmine  i f  t he  o p e r a t i o n  is d i r e c t  or i n d i r e c t .  Th i s  mode 
of o p e r a t i o n  r e q u i r e s  t h a t  d a t a  and i n d i r e c t  addres ses  must be d i s -  
t i n g u i s h a b l e .  Fo r  example, a s i n g l e  b i t  p e r  word might be a l l o c a t e d  t o  
i d e n t i f y  whether t h e  o t h e r  b i t s  i n  t he  word a r e  t o  be i n t e r p r e t e d  a s  an 
addres s  or a s  a datum. 
There a r e  two p o i n t s  of comparison of the  two t echn iques  f o r  i m -  
p lementing i n d i r e c t i o n .  F i r s t  w e  s h a l l  compare t h e  two w i t h  r e s p e c t  t o  
t h e i r  u t i l i t y .  Then w e  s h a l l  c o n s i d e r  the  r e l a t i v e  s t o r a g e  e f f i c i e n c y .  
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From t h e  p o i n t  of view of u t i l i t y ,  d a t a - c o n t r o l l e d  i n d i r e c t i o n  can 
be used t o  perform a l l  o p e r a t i o n s  t h a t  can  be performed by program- 
c o n t r o l l e d  i n d i r e c t i o n ,  u s i n g  p r e c i s e l y  t h e  same number of i n s t r u c t i o n s ,  
b u t  t h e  converse  i s  n o t  t r u e .  I n  f a c t ,  d a t a - c o n t r o l l e d  i n d i r e c t i o n  can  
l e a d  t o  e f f i c i e n c y  t h a t  i s  n o t  a v a i l a b l e  i f  i n d i r e c t i o n  i s  o n l y  under 
program c o n t r o l .  
To suppor t  t h a t  c la im,  n o t e  t h a t  it i s  q u i t e  s t r a i g h t f o r w a r d  t o  
conve r t  a program t h a t  u t i l i z e s  program-control led i n d i r e c t i o n  i n t o  an 
e q u i v a l e n t  program of t h e  same l e n g t h  t h a t  u t i l i z e s  d a t a - c o n t r o l l e d  i n -  
d i r e c t i o n .  On t h e  o t h e r  hand, i f  i n d i r e c t i o n  i s  d a t a - c o n t r o l l e d ,  t hen  
t h e  a c t i v i t y  of s u b r o u t i n e s  can  be c o n t r o l l e d  t o  g r e a t e r  e x t e n t  a t  t h e  
time t h e  s u b r o u t i n e  i s  invoked. In  f a c t ,  t h e  c r u c i a l  a s p e c t  of ca l l -by -  
name or ca l l -by-va lue  can  be c o n t r o l l e d  e x c l u s i v e l y  through d a t a -  
c o n t r o l l e d  i n d i r e c t i o n .  Thus, it is  p o s s i b l e  t o  ach ieve  more g e n e r a l  
u se  of s u b r o u t i n e s  i f  d a t a - c o n t r o l l e d  i n d i r e c t i o n  is a v a i l a b l e  s i n c e  
t h e  q u e s t i o n  of d i r e c t  v s .  i n d i r e c t  o p e r a t i o n  f o r  t h e  i n s t r u c t i o n s  i s  
n o t  b u i l t  i n t o  t h e  s u b r o u t i n e  b u t  is re so lved  when t h e  s u b r o u t i n e  is 
invoked.  
Now l e t  us  examine t h e  q u e s t i o n  of r e l a t i v e  e f f i c i e n c y  of t h e  two 
methods for s p e c i f y i n g  i n d i r e c t i o n .  
I f  i n d i r e c t  ion is program s p e c i f i e d ,  t hen  i t  is  necessa ry  t o  ex tend  
t h e  i n s t r u c t i o n  f i e l d  s u f f i c i e n t l y  t o  i n c l u d e  t h e  c a p a b i l i t y  of  s p e c i f y i n g  
i n d i r e c t i o n .  I n  most implementat ions t h i s  amounts t o  one b i t  pe r  i n -  
s t r u c t i o n .  W e  mentioned e a r l i e r  t h a t  d a t a - c o n t r o l l e d  i n d i r e c t i o n  can be 
implemented by u s i n g  one b i t  p e r  datum. I n  essence ,  t h e  s p e c i f i c a t i o n  
b i t  can be p laced  e i t h e r  i n  t h e  i n s t r u c t i o n  or i n  t h e  d a t a .  The most 
e f f i c i e n t  a l l o c a t i o n  of  t h e  i n d i r e c t  b i t  depends on t h e  r e l a t i v e  s i z e  
of d a t a  and program, and on t h e  p o t e n t i a l  s a v i n g s  i n  memory space  t h a t  
can  be a t t r i b u t e d  t o  d a t a - c o n t r o l l e d  i n d i r e c t i o n .  
No recommendation is inc luded  h e r e  because t h e  c h o i c e  depends on 
c h a r a c t e r i s t i c s  of program and d a t a  t h a t  a r e  no t  known a t  p r e s e n t .  The 
impor tan t  p o i n t  is t o  r ecogn ize  t h a t  a c h o i c e  e x i s t s  and t h a t  c e r t a i n  
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advantages  a c c r u e  to  d a t a - s p e c i f i e d  i n d i r e c t i o n  t h a t  have been ignored 
i n  most computer implementat ions.  
G .  Address  Arithmetic 
I n s t r u c t i o n  r e p e r t o i r e s  have o f t e n  inc luded  i n s t r u c t i o n s  f o r  per -  
forming h i g h e r - l e v e l  p r o c e s s e s .  For example, it is u s u a l  t o  inc lude  an 
i n s t r u c t i o n  t h a t  both increments  an index and does  a c o n d i t i o n a l  branch.  
Addres s  a r i t h m e t i c  o p e r a t i o n s  is  ano the r  c l a s s  of h ighe r - l eve l  p rocess  
t h a t  is rep resen ted  e x t e n s i v e l y  i n  some i n s t r u c t i o n  r e p e r t o i r e s  where 
t h i s  r e p r e s e n t a t i o n  is p r i m a r i l y  through t h e  use  of index r e g i s t e r  f i e l d s  
t h a t  c o n t r o l  the  c a l c u l a t i o n  of e f f e c t i v e  a d d r e s s e s .  In  t h i s  s e c t i o n  w e  
examine addres s  a r i t h m e t i c  a s s o c i a t e d  w i t h  one- and two-dimensional 
a r r a y s .  The a n a l y s i s  shows t h a t  there i s  c o n s i d e r a b l e  improvement 
p o s s i b l e  i n  the  way addres s  a r i t h m e t i c  o p e r a t i o n s  a r e  s p e c i f i e d  i n  a 
computer.  
Address o p e r a t i o n s  f o r  one-dimensional a r r a y s  g e n e r a l l y  assume the  
fo l lowing  r i g i d  fo rma t .  Given t h e  base  addres s  of an a r r a y ,  an index 
t o  t he  a r r a y ,  and a lower bound on the  i n d i c e s  r ep resen ted  i n  s t o r a g e ,  
t h e  addres s  of t h e  i t h  element of the a r r a y  is computed a s  f o l l o w s :  
addres s  of i t h  e lement  = base addres s  + index - lower bound 
For two-dimensional a r r a y s ,  two d i f f e r e n t  g e n e r a l i z a t i o n s  have been 
adopted i n  p r a c t i c e .  The f i r s t ,  polynomial address ing ,  r e q u i r e s  knowledge 
of the  upper  bound of one dimension of t he  a r r a y  a s  w e l l  a s  bo th  lower 
bounds.  Given an N X M a r r a y  w i t h  lower bounds e q u a l  t o  one i n  bo th  
dimensions,  the  a r r a y  e lements  can be a r ranged  i n  s t o r a g e  i n  t h e  o r d e r  
(l,l), (1 ,2>,  . . ., ( 1 , M )  , (2 ,1>,  (2 ,2) ,  . .., (2,M), . . ., ( N , M ) .  Then 
the  addres s  of e lement  ( i , j )  can be c a l c u l a t e d  a s  fo l lows :  
addres s  of (i ,j) = base  + ( i  - 1) x M + (J - 1) 
This  i s  c a l l e d  row major o r d e r .  The e lements  can a l s o  be s t o r e d  i n  
column major o r d e r ;  i .e . ,  the o r d e r  is computed by va ry ing  t h e  column 
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index more s lowly  t h a n  t h e  r o w  index .  T h i s  l e a d s  t o  a polynomial of t h e  
form 
a d d r e s s  of (i, j) = base  + ( j  - 1 )  X N + (i - 1)  
If t h e  lower bounds can  be a r b i t r a r y ,  t hen  t h e  formulas  t a k e  t h e  
fo l lowing  g e n e r a l  form: 
( E l )  L2 + E2 a d d r e s s  of ( i ,  j) = base  + 
where E and E a r e  e f f e c t i v e  i n d i c e s  and L is  a l e n g t h .  I n  g e n e r a l ,  
for any dimension, 
1 2 2 
and 
E = index - lower bound 
L = upper  bound - lower bound + 1 
The second method of a d d r e s s i n g  two-dimensional a r r a y s  u t i l i z e s  
i n d i r e c t i o n .  For t h i s  form w e  o b t a i n  t h e  addres s  of e lement  ( i ,  j) by 
computing 
addres s  of (i, j )  = [base addres s  + i - 11 + j - 1 
where t h e  b r a c k e t s  mean " the  c o n t e n t s  o f "  and w e  assume t h a t  lower bounds 
a r e  equa l  t o  1 i n  bo th  d imens ions .  For a r b i t r a r y  lower bounds t h e  
formula g e n e r a l i z e s  t o  
a d d r e s s  of ( i ,  j) = 1 
where E 
bound does  n o t  appear  i n  t h i s  formula .  
and E2 a r e  e f f e c t i v e  i n d i c e s  a s  b e f o r e .  Notice t h a t  t h e  upper  1 
C a l c u l a t i o n  o f  addres ses  u s i n g  t h e  method of i n d i r e c t i o n  r e q u i r e s  
t h a t  t h e  c o n t e n t s  of t h e  memory l o c a t i o n s  s t a r t i n g  a t  t h e  base  addres s  
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of the a r r a y  c o n t a i n  a d d r e s s e s  of t h e  base  a d d r e s s e s  of the  rows of the  
a r r a y .  In  g e n e r a l ,  i f  there a r e  L rows i n  an a r r a y ,  then  L memory loca -  
t i o n s  must be used t o  hold a d d r e s s e s .  Hence, there is s t o r a g e  pena l ty  
i f  i n d i r e c t i o n  i s  used .  Th i s  is balanced by the t i m e  p e n a l t y  a s s o c i a t e d  
w i t h  t h e  polynomial c a l c u l a t i o n  method due t o  t he  n e c e s s i t y  t o  fe tch  the 
va lue  of the l e n g t h  and t o  perform a m u l t i p l i c a t i o n .  
For mult id imens iona l  a r r a y s  t h e  two methods g e n e r a l i z e  a s  fo l lows :  
Polynomial : 
addres s  of ( il, i2, . . ., ik) = base  + ( . . .(E1) X L2 + E2) X L3 . . .) X Lk + Ek) 
I n d i r e c t  i on  : 
For spaceborne a p p l i c a t i o n s  t he  polynomial method of addres s ing  is 
a t t r a c t i v e  becuase it does  n o t  r e q u i r e  the a d d i t i o n a l  memory f o r  ho ld ing  
addres ses  t h a t  is c h a r a c t e r i s t i c  of the  i n d i r e c t  method of a d d r e s s i n g .  
However, i t  is a l s o  d e s i r a b l e  t h a t  t h e  i n s t r u c t i o n  r e p e r t o i r e  a s s i s t  the  
c a l c u l a t i o n  of a d d r e s s  polynomials  so t h a t  w e  ach ieve  a d d i t i o n a l  s t o r a g e  
s a v i n g s  by reducing  the  l e n g t h  of i n s t r u c t i o n  sequences .  
To see how t h i s  can  be accomplished, n o t e  t h a t  w e  must have access  
t o  both  t he  base  addres s  of an a r r a y  and t o  t he  l e n g t h  of the  f irst  
dimension of t h a t  a r r a y  when w e  compute i n d i c e s  t o  a two-dimensional 
a r r a y .  By convent ion ,  l e t  u s  o rgan ize  t he  array.  so  t h a t  t h e  l e n g t h  of 
t h e  f i r s t  dimension is s t o r e d  immediately below the (1,l) element of 
t h e  a r r a y .  Then the  base  addres s  of the a r r a y  can be computed from t h e  
addres s  of the  l e n g t h  of the f irst  dimension.  T h i s  obse rva t ion  l e a d s  
t o  a m a t e r i a l  g e n e r a l i z a t i o n  i n  which the  d a t a  and t h e  i n s t r u c t i o n  set 
t a k e  the  form desc r ibed  a s  f o l l o w s .  
A s s u m e  t h a t  w e  a r e  d e a l i n g  w i t h  a k-dimensional a r r a y .  The d a t a  
a r e  organized  so t h a t  t he  f i r s t  2k l o c a t i o n s  of t h e  s t o r a g e  a r e a  c o n t a i n  
t h e  lower bounds and l e n g t h s  of t h e  k dimensions i n  o rde r ,  and the  
39 
fo l lowing  l o c a t i o n s  c o n t a i n  the d a t a  i n  the a r r a y  a r ranged  i n  t he  k -  
dimens iona l  g e n e r a l i z a t i o n  of r o w  major  order.  (The first index v a r i e s  
s lowes t ,  and the  l a s t  index v a r i e s  f a s t e s t . )  The base  a d d r e s s  of the 
a r r a y  p o i n t s  t o  t h e  f irst  lower bound. 
W e  assume t h a t  there e x i s t s  an INDEX i n s t r u c t i o n  i n  t he  r e p e r t o i r e  
t h a t  h a s  t h e  fo l lowing  b e h a v i o r .  One r e g i s t e r  is assumed t o  hold a base  
addres s ,  a second register holds  a p a r t i a l l y  computed index, a t h i r d  
regis ter  h o l d s  t h e  l e n g t h  o f  the c u r r e n t  dimension, and a f o u r t h  r e g i s t e r  
ho lds  the v a l u e  of t h e  index of t h e  "cu r ren t t t  d imension where t he  lower 
bound h a s  n o t  y e t  been s u b t r a c t e d  from the  index .  When t h e  INDEX in-  
s t r u c t i o n  is  i s sued  the  fo l lowing  e v e n t s  occur :  
The base  addres s  i s  i n t e r p r e t e d  a s  the addres s  of  
the  lower bound of t h e  c u r r e n t  d imens ion .  That  
lower bound i s  fetched i n t o  a temporary regis ter .  
The lower bound is  s u b t r a c t e d  from t h e  c u r r e n t  
index t o  c r e a t e  an  e f f e c t i v e  index .  
The e f f e c t i v e  index i s  examined. A n e g a t i v e  index 
i n d i c a t e s  an e r r o r  h a s  been made. 
The base  a d d r e s s  i s  incremented by 1. (The base  
address now p o i n t s  t o  t h e  l e n g t h  of the c u r r e n t  
d imension . ) 
The l e n g t h  of t he  c u r r e n t  dimension i s  f e t ched  
and p laced  i n  the l e n g t h  register. 
The e f f e c t i v e  index is  compared t o  t h e  l e n g t h .  
I f  it is  g r e a t e r ,  t hen  an e r r o r  h a s  been made. 
The p a r t i a l  index is m u l t i p l i e d  by t h e  l eng th ,  
and the  r e s u l t  r e p l a c e s  t he  p a r t i a l  i ndex .  
The e f f e c t i v e  index is  added to  t h e  p a r t i a l  index 
t o  c r e a t e  a new p a r t i a l  index .  
The base  addres s  is  incremented by 1. 
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Although the i n s t r u c t i o n  sequence appea r s  complex, it merely performs 
the o p e r a t  ion  
( . . . I  X Li + Ei 
i n  t h e  addres s  polynomial c a l c u l a t i o n ,  i nc lud ing  bounds checking .  The 
p a r t i a l l y  computed index must be i n i t i a l i z e d  t o  0 .  T h i s  can be done i n  
one i n s t r u c t i o n  i f  w e  assume t h a t  t h e r e  e x i s t s  a s p e c i a l  i n s t r u c t i o n  
LOAD BASE REGISTER which a l s o  performs i n i t i a l i z a t i o n .  To o b t a i n  t h e  
addres s  or t h e  v a l u e  of an a r r a y  element  a f t e r  indexing,  w e  need t h e  
i n s t r u c t i o n s  LOAD INDEXED ADDRESS or LOAD INDEXED VALUE t h a t  add the  
base  addres s  t o  the p a r t i a l  index a t  t he  end of an addres s  computat ion.  
M u l t i p l e  p r e c i s i o n  and packed a r r a y s  f a l l  i n t o  t h i s  g e n e r a l  scheme 
of o p e r a t i o n .  To index i n t o  a r r a y s  such t h a t  one a r r a y  element  occup ies  
p words ( p  may be an i n t e g e r  o r  a r a t i o n a l  f r a c t i o n ) ,  w e  must m u l t i p l y  
t he  p a r t i a l  index by p j u s t  p r i o r  t o  t h e  a d d i t i o n  of t h e  p a r t i a l  index 
t o  t h e  base a d d r e s s .  T h i s  can  be  done e i t h e r  by i s s u i n g  an i n s t r u c t i o n  
t o  perform t h e  m u l t i p l i c a t i o n  or by i n c o r p o r a t i n g  t h e  o p e r a t i o n  i n t o  the  
LOAD INDEXED ADDRESS or LOAD INDEX VALUE i n s t r u c t i o n s .  I n  t h e  l a t t e r  
case ,  t h e  parameter  p would be s t o r e d  immediately fo l lowing  t h e  upper  
and lower bounds.  
Using the i n s t r u c t i o n s  above w e  have the fo l lowing  examples.  To 
compute t he  v a l u e  of A C i I ,  w e  i s s u e  
LOAD BASE ADDRESS A 
INDEX i 
LOAD INDEXED VALUE 
To compute the addres s  of B [ i ,  j], w e  i s s u e  
LOAD BASE ADDRESS B 
INDEX i 
LOAD INDEXED ADDRESS 
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Although w e  have not  s t a t e d  how the r e g i s t e r s  a s soc ia t ed  w i t h  the  
INDEX i n s t r u c t i o n  a r e  organized,  there is some advantage i n  us ing  a push- 
down s t a c k  t o  avoid the problems of r e g i s t e r  a l l o c a t i o n  and sav ing-  
r e l o a d i n g .  The push-down s t a c k  o r g a n i z a t i o n  a l lows  the e f f i c i e n t  compu- 
t a t i o n  of expres s ions  such a s  t h e  fo l lowing :  
where the  s t a c k  i s  used f o r  temporary s t o r a g e  of the r e g i s t e r s  used by 
the  INDEX i n s t r u c t i o n .  
The i n s t r u c t i o n s  in t roduced  here a r e  designed t o  f a c i l i t a t e  commonly 
executed program process. Although they  a r e  complex, t h e y  a r e  adap tab le  
t o  a g e n e r a l  form of a r r a y  s t o r a g e .  Moreover, t he  d a t a  a r e  organized t o  
f a c i l i t a t e  au tomat ic  bounds checking so t h a t  increased  r e l i a b i l i t y  i s  
obta ined  wi thou t  a cor responding  i n c r e a s e  i n  t h e  number of program in -  
s t r u c t i o n s .  The i n s t r u c t i o n s  can be made s imple r  i n  t h i s  i n s t a n c e  i f  
w e  assume t h a t  a l l  lower  bounds a r e  0 .  Th i s  s aves  t h e  s u b t r a c t i o n  of 
the  lower bound and it a l s o  saves  the  s t o r a g e  l o c a t i o n  a l l o c a t e d  t o  the  
lower bound. 
More g e n e r a l l y  speaking,  t he  a n a l y s i s  c a r r i e d  o u t  i n  t h i s  s e c t i o n  
might f r u i t f u l l y  be app l i ed  t o  o t h e r  common p rocesses  t o  a r r i v e  a t  in -  
s t r u c t i o n s  t h a t  a s s i s t  p rocess ing  i n  s i m i l a r  ways. Other  p rocesses  of 
p a r t i c u l a r  i n t e r e s t  a r e  o p e r a t i o n s  on d a t a  s t r u c t u r e s  such a s  s t a c k s ,  
queues,  trees, and packed-data s t r u c t u r e s .  
H .  Summary and Conclusions 
T h i s  c h a p t e r  has  concen t r a t ed  on three p a r t i c u l a r  a s p e c t s  of i n -  
s t r u c t  ion r e p e r t o i r e s - - a d d r e s s  s p e c i f i c a t i o n ,  i n d i r e c t i o n ,  and indexing .  
With r e s p e c t  t o  addres s  s p e c i f i c a t i o n ,  the c o n t e x t  r e g i s t e r s  of a 
s tack-organized i n s t r u c t i o n  s e t  o f f e r  a p o t e n t i a l l y  s i g n i f i c a n t  s av ings  
i n  memory u t i l i z a t i o n .  For t h i s  reason  a s t r o n g  c a s e  can be  b u i l t  for 
adopt ing  t h i s  mechanism i n  an i n s t r u c t i o n  r e p e r t o i r e  i n s t ead  of more 
popular  a l t e r n a t i v e s .  
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The q u e s t i o n s  of i n d i r e c t i o n  and addres s  c a l c u l a t i o n s  a r e  s t i l l  
u n s e t t l e d .  The p o i n t s  r a i s e d  here i n d i c a t e  t h a t  t h e r e  e x i s t  a l t e r n a -  
t i v e s  t h a t  have o f t e n  been neg lec t ed  i n  t he  u s u a l  implementation bu t  
which a r e  p o t e n t i a l l y  u s e f u l  i n  spaceborne  a p p l i c a t i o n s .  The d i s c u s s i o n  
h a s  a l s o  i n d i c a t e d  t h e  d i r e c t i o n  t h a t  f u r t h e r  e x p l o r a t i o n  might t a k e  i n  
I 
o r d e r  t o  r e s o l v e  the o u t s t a n d i n g  q u e s t i o n s .  
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Appendix A 
FAULT PROTECTION FOR PERMUTATION NETWORKS 
The paper  "A Permuta t ion  Networkr6 d e s c r i b e s  a swi tch ing  network 
comprised of N l o g  N - N + 1 ce l l s  where each c e l l  can be  looked a t  a s  
a 2 X 2 c r o s s b a r  swi tch ,  t hus  making a t o t a l  c o n t a c t  count  of 
4(N l o g  N - N + 1 ) .  
Now i n  F i g .  2 of t h e  above paper  if P and P a r e  f a u l t - t o l e r a n t  
networks and an a d d i t i o n a l  2 X 2 swi t ch  is  added a t  i n p u t s  V and V2, 
w e  can c o n s i d e r  t h e  whole network f a u l t  t o l e r a n t  s i n c e  t h e  assignment 
a lgo r i thm i n  page 6 can  be fol lowed s t a r t i n g  w i t h  t h e  i n p u t s  t o  a f a u l t y  
p e r i p h e r a l  2 X 2 swi t ch .  The t o t a l  mod i f i ca t ion  of a swi t ch ing  network 
on 2 l o g  N - 1 l e v e l s  w i l l  c o n s i s t  of 
A B 
1 
4(2O + 2 l  + 2 2 + ... 2 ( l o g  N-1) 
a d d i t i o n a l  c o n t a c t s  and one a d d i t i o n a l  l e v e l .  The added l e v e l  i s  due t o  
t h e  d u p l i c a t i o n  of t h e  c e n t e r  l e v e l  f o r  f a u l t - t o l e r a n c e  c o n s i d e r a t i o n ,  
so t h a t  f o r  N = 2 k 
1 4( 2O + 2 2 + 2  + .  . . Zk-') = 4(2k  - 1) = 4(N - 1) , 
w e  have 
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13 A B S T R A C T  
This  i s  t h e  f o u r t h  s c i e n t i f i c  r e p o r t  of a s t u d y  ded ica t ed  t o  t h e  development of tech-  
n iques  f o r  t h e  r e a l i z a t i o n  of u l t r a r e l i a b l e ,  high-performance, spaceborne computers .  
The t echn iques  developed a r e  i n  suppor t  of computer s t r u c t u r e s  i n  which r e l i a b i l i t y  
is achieved through autonomously c o n t r o l l e d  l o g i c a l  r e c o n f i g u r a t i o n  and f a u l t  masking 
The r e p o r t  p r e s e n t s  t echn iques  f o r  the  accommodation of f a u l t s  i n  d a t a  commutation 
networks based upon c rossba r - type  swi t ch ing  a r r a y s .  Schemes a r e  developed f o r  
accommodating swi t ch ing  f a i l u r e s  and f o r  embedding l o g i c  f o r  t h e  c o n t r o l  of a l t e r n a -  
t i v e  swi t ch ing  s e t u p s  w i t h i n  t h e  network.  S e v e r a l  schemes a r e  developed t h a t  a r e  
a p p r o p r i a t e  f o r  random and f b r  c o r r e l a t e d  f a u l t  t y p e s .  The second t o p i c  is a con- 
s i d e r a t i o n  of c r i t e r i a  f o r  the s e l e c t i o n  of an i n s t r u c t i o n  set f o r  a spaceborne com- 
p u t e r .  
t o g e t h e r  w i t h  s p e c i a l  registers for s p e c i f y i n g  t h e  c o n t e x t  of a p r o c e s s .  P o s s i b l e  
advantages of i n d i r e c t  addres s ing  a r e  a l s o  d i s c u s s e d .  
S e v e r a l  merits a r e  found for the use  of s tack-organized  i n s t r u c t i o n s ,  
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